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Abstract
This work focuses on a better understanding of the behavior of organic light
emitting devices (OLEDs) under intense electrical excitation. Attaining high
exciton densities in organic semiconductors by electrical excitation is of special
interest for the field of organic semiconductor lasers (OSLs). In these devices,
the high singlet exciton density needed in the active layer to obtain population
inversion is easily created by pulsed optical pumping, but direct electrical
pumping has not been achieved yet.
First, the steps necessary to achieve stable high current densities in or-
ganic semiconductors are discussed. After determining the optimal excita-
tion scheme using single p-doped transport layers, the device complexity is
increased up to full p-i-n OLEDs with their power dependent emission spec-
tra. For this purpose, two exemplary emitter systems are chosen: the flu-
orescent laser dye 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-
pyran (DCM) doped into Aluminum(III)bis (2-methyl-8-quinolinato)-4-phe-
nylphenolate (Alq3) and the efficient phosphorescent emitter system N,N
′-
di(naphthalen-1-yl)-N,N ′-diphenyl-benzidine (α-NPD) doped by Iridium(III)
bis(2-methyl-dibenzo[f,h]quinoxaline)(acetylacetonate) (Ir(MDQ)2(acac)). For
pulsed excitation using 50 ns pulses and a repetition rate of 1 kHz, single
100 nm thin p- and n-doped transport layers sustain current densities of over
6 kA cm−2. While the maximum current density decreases with increasing de-
vice thickness, the full OLEDs still sustain current densities beyond 800 A cm−2
and exhibit a continuously increasing emission intensity with increasing input
power.
Next, the time-resolved emission behavior of the singlet and triplet emit-
ter device at high excitation densities is analyzed on the nanosecond scale.
Here, the peak emission intensity of the phosphorescent emitter system is
found to be more than eight times lower than for the singlet emitter system at
comparable current densities. The triplet emitter system exhibits a slow rise
of the EL after turn-on which prevents the usage of shorter pulses to enable
higher current densities. The singlet emitter system, in contrast, exhibits a fast
turn-on and reaches the maximum emission intensity within less than 20 ns.
By several additional experiments including streak camera measurements and
pump-probe experiments, the strong EL overshoot observed in the first few ns
is successfully attributed to a reduced emission intensity in the steady state
due to singlet-triplet annihilation. Hence, the separation of singlet emission
and singlet-triplet quenching in time domain is demonstrated. At 550 A cm−2
and 10 ns pulse rise time, a peak luminance of 1.5×106 cd m−2 is recorded.
Finally, the experimental results are validated by modeling the singlet and
triplet population dynamics in the emission layer of the fluorescent system to
explain the time-resolved emission characteristics. Using a set of rate equa-
tions for the polaron density and the singlet and triplet exciton densities, the
overshoot in singlet exciton density at the device turn-on is attributed to the
separation of singlet emission and triplet quenching in time domain. Further-
more, by fitting the experimental data, the triplet-triplet annihilation rate
in the host guest system is shown to become exciton density dependent at
sufficiently high excitation density.
Kurzfassung
Der Schwerpunkt dieser Arbeit liegt auf dem besseren Versta¨ndnis des Verhal-
tens von organischen Leuchtdioden (OLEDs) bei intensiver elektrischer Anre-
gung. Das Erreichen hoher Exzitonendichten in organischen Halbleitern ist ins-
besondere fu¨r organische Halbleiterlaser (organic semiconductor lasers, OSLs)
von Interesse. Hierbei werden die fu¨r die Inversion beno¨tigten hohen Singulett
Exzitonendichten zwar leicht mittels gepulstem optischen Anregen (Pumpen)
erreicht, jedoch konnte eine elektrische Anregung bisher noch nicht realisiert
werden.
Der erste Abschnitt befasst sich mit dem Erreichen von hohen Stromdich-
ten und den dazu no¨tigen Schritten. Nach dem Ermitteln des optimalen An-
regungsschemas an p-dotierten Einzelschichten wird die Komplexita¨t des Sys-
tems Schritt fu¨r Schritt bis zur kompletten p-i-n OLED erho¨ht. Hierfu¨r wurden
exemplarisch zwei verschiedene Emittersysteme ausgewa¨hlt: Aluminum(III)bis
(2-methyl-8-quinolinato)-4-phenylphenolate (Alq3) dotiert mit dem fluoreszen-
ten Laserfarbstoff 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-
pyran (DCM) und der effiziente phosphoreszente Emitter Iridium(III)bis(2-
methyl-dibenzo[f,h]quinoxaline)(acetylacetonate) (Ir(MDQ)2(acac)) in einerN,
N ′-di(naphthalen-1-yl)-N,N ′-diphenyl-benzidine (α-NPD) Matrix. Bei gepuls-
ter Anregung mit einer Pulsweite von 50 ns und einer Wiederholungsrate von
1 kHz sind in 100 nm du¨nnen p- und n-dotierten Transportschichten Strom-
dichten von mehr als 6 kA cm−2 mo¨glich. Der Maximalstrom sinkt mit zu-
nehmender Gesamtschichtdicke ab. Die kompletten p-i-n OLEDs ermo¨glichen
eine Stromdichte von u¨ber 800 kA cm−2 und weisen eine kontinuierlich mit der
Stromdichte steigende Emissionsintensita¨t auf.
Anschließend wird die zeitlich aufgelo¨ste Elektrolumineszenz der Singulett-
und Triplett-Emitter OLEDs mit Nanosekunden-Auflo¨sung untersucht. Die
phosphoreszente OLED weist hierbei, im Vergleich zur fluoreszenten OLED bei
vergleichbarer Stromdichte, eine mehr als achtmal geringere Emissionsintensi-
ta¨t auf. Des Weiteren steigt die Emissionsintensita¨t nur langsam an, die maxi-
male Intensita¨t wird erst nach 120 ns erreicht. Dies steht im Widerspruch zum
Erreichen ho¨herer Stromdichten mittels ku¨rzerer Pulse. Die fluoreszente OLED
hingegen zeigt ein schnelles Ansteigen der Emissionsintensita¨t, die maximale
Intensita¨t wird nach weniger als 20 ns erreicht. Anhand von zusa¨tzlichen Unter-
suchungen kann das beobachtete starke U¨berschießen der Elektrolumineszenz
innerhalb der ersten Nanosekunden einer durch Singulett-Triplett Annihilati-
on reduzierten Emission im Gleichgewichtszustand zugeordnet werden. Die-
se Experimente dokumentieren somit die zeitliche Trennung von Fluoreszenz
und Singulett-Triplett Annihilation. Bei einer Stromdichte von 550 A cm−2 und
10 ns Flankenanstiegszeit wird eine maximale Lumineszenz von 1.5×106 cd m−2
gemessen.
Der letzte Abschnitt befasst sich mit der Besta¨tigung der experimentellen
Ergebnisse durch die Simulation der Dynamik von Singulett- und Triplett-
Exzitonendichte in der Emissionsschicht. Mit Hilfe eines Satzes von gekoppel-
ten Differenzialgleichungen fu¨r die Dichte der Polaronen, Singulett Exzitonen
und Triplett Exzitonen la¨sst sich das U¨berschießen der Elektrolumineszenz der
fluoreszenten OLED eindeutig der zeitlichen Trennung von Singulett Emissi-
on und Singulett-Triplett Annihilation zuordnen. Außerdem kann durch das
Fitten der experimentellen Daten dargestellt werden, dass die Triplett-Triplett
Annihilationsrate in dem untersuchten fluoreszenten Emittersystem bei aus-
reichend hohen Anregungsdichten eine starke Abha¨ngigkeit von der Dichte der
Triplett Exzitonen aufweist.
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1 Introduction
Organic optoelectronic devices have been in the focus of research for more
than two decades. Even though electroluminescence (EL) from organic com-
pounds was reported already in the fifties of the last century by Bernanose [1],
it was the work of Tang almost 30 years later that demonstrated the promis-
ing possibilities of organic optoelectronics. With the presentation of the first
efficient two-layer photovoltaic cell in 1986 [2] and one year later the first effi-
cient organic light emitting diode (OLED) [3], major interest in this new field
was raised. Thanks to, among others, advances in material development and
processing, the usage of phosphorescent emitters [4], and the controlled doping
of organic semiconductors [5, 6], OLEDs have developed to very efficient and
long-living devices [7]. Today, a large number of products have already en-
tered the consumer market in the range of small area displays in mp3-players,
cameras, and mobile phones. First larger OLED screens were already avail-
able (Sony XEL-1) and lighting panels are being sold since a couple of years
now. The fast-growing field of organic solar cells has become more and more
competitive due to a steady increase of device efficiencies [8–10]. Here, too,
first devices have entered the consumer market in terms of flexible organic
solar cells (Konarka). Furthermore, organic transistors [11], memory devices
[12, 13], and other electronic devices [14, 15] have been demonstrated. The
realization of an electrically pumped organic laser diode, however, still remains
unaccomplished.
Conjugated organic molecules diluted in a host crystal (matrix) as active
material were suggested by Brock et al. [16] only one year after the first laser
was realized with Ruby as active material in 1960 [17]. The first organic solid
state dye laser was demonstrated as early as 1967 using Rhodamine 6G doped
into PMMA (Poly(methyl methacrylate)) [18]. However, it took almost 30
years till the demonstration of organic semiconducting lasers (OSLs) in 1996
[19–21]. Even though the first results were shown using conjugated polymers,
devices using small molecules were not long in coming. Only one year later,
OSLs employing small molecules as active medium were presented using sev-
eral different material combinations [22–25]. In contrast to liquid and solid
state dye laser, the active medium of OSLs entirely consists of semiconducting
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organic material in the solid state. This opens the door to a direct electrical
excitation of the active medium. With the electrically pumped OSL in sight,
these reports have renewed the interest in solid state dye lasers [26]. The huge
amount of available materials exhibiting a broad gain spectrum promise a tun-
ability over the whole visible range, while the solid state character enables a
compact device size and the transfer of processing and structuring technology
from the inorganic counterpart.
Following the presentations of optically pumped OSLs, several groups have
reported on organic semiconductors under intense electrical excitation trying
to reach the necessary singlet densities. Peak brightnesses in the range of
106 cd m−2 were demonstrated at high peak current densities (up to kA cm−2),
both in polymer organic light emitting diodes (OLEDs) [27–30] as well as small
molecule devices [31–33]. However, even though various optically pumped
devices comprising different resonator types and material combinations have
been shown [34], direct electrical pumping has not been achieved yet [35]. The
high singlet exciton density in the range of 1016 − 1017 cm−3 [36–38] needed
in the active layer to obtain population inversion is easily created by pulsed
optical pumping, but additional losses prevent the excitation to reach the
critical point when driven electrically. Here, singlet exciton quenching due to
triplet excitons and polarons is expected to be the main effect restricting laser
operation under electrical excitation [39, 40]. While the presence of polarons
in an electrically excited device is unavoidable, the effect of singlet-triplet
annihilation might be reduced by an appropriate driving scheme.
Recently Ga¨rtner et al. investigated the response of an organic double het-
erostructure laser diode to a current step of 1 kA cm−2 by numerical simulation
[41, 42]. They predicted that the effect of triplet absorption on modal gain
and thus singlet density can be reduced by a factor of 60 compared to cw op-
eration for a pulse rise time of 5 ns. Hence, a separation of singlet and triplet
excitons in time domain should be possible under electrical excitation. Similar
restrictions for an electrically pumped device were reasoned by Giebink et al.
after investigating the step response of optically pumped OSLs [38]. The op-
tically excited singlet states lead to a reasonable triplet population generated
via inter system crossing. Singlet-triplet quenching then limits the lasing to
less than 150 ns following the pump turn on. Therefore, in the case of electrical
excitation, short current rise times of less than 50 ns at current densities above
1 kA cm−2 are required for devices with low cavity losses. Hence, a detailed in-
vestigation of the transient turn-on behavior of fluorescent OLEDs under high
current densities is expected to give interesting insight into the annihilation
processes.
In the mean time, several promising hybrid laser devices have been shown
combining optical excitation of the OSL with an in-organic lights source [34,
11
43–45]. While this is the case for basically every optically pumped OSL, these
reports are of special interest as they combine a simple commercially available
semiconductor laser diode with the tunable emission of an OSL. Hence, this
allows for the cheap production of integrated lasers emitting at virtually any
wavelength. A short time later, Yang et al. demonstrated an OSL pumped
by an incoherent InGaN light emitting diode, reducing the cost of a potential
hybrid laser device even further [46]. A monolithic device employing an OLED
for optical excitation was however unsuccessful till now [47]. Here, too, the
transient turn-on behavior of fluorescent and phosphorescent OLEDs and the
attainable emission intensities are of great interest for a potential indirectly
pumped OSL.
This work deals with the behavior of OLEDs under high current densities.
This includes the steps necessary to achieve stable high current densities in pin-
OLEDs, their time-resolved emission behavior, and the different annihilation
processes at high excitation densities.
The thesis is organized as follows. In Chapter 2 the basic physics needed
for the later discussion are introduced including basic properties of small mol-
ecule organic semiconductors, energy transfer mechanisms, and the radiative
and non-radiative decay of excited molecules. Next, a simple model for ex-
cited state densities incorporating the different loss mechanisms is presented
followed by the basic working principle of OLEDs and the general composition
of pin-OLEDs. Chapter 3 gives an overview of the materials used and their
characteristic properties, the sample structure and preparation, and the differ-
ent measurement setups. The experimental results are summarized in Chapter
4. This Chapter is divided into three parts. In the first part, the steps nec-
essary to achieve stable high current densities in organic semiconductors are
discussed. After showing the results for single layers, the device complexity
is increased step by step, up to a full OLED with its power dependent emis-
sion spectra. Next, the time-resolved emission behavior of a singlet and triplet
emitter device at high excitation densities is analyzed on the nanosecond scale.
To substantiate the explanation for the particular turn-on behavior of the sin-
glet emitter device, several additional measurements are performed on this
system. Finally, the experimental results are validated by modeling the sin-
glet and triplet population dynamics in the emission layer of the fluorescent
system to explain the time-resolved emission characteristics.

2 Organic Semiconductors and
Light Emitting Devices
In this Chapter, the basic properties of small molecule organic
semiconductors are presented. First, a brief introduction into the
concept of molecular orbitals and delocalized pi-electron systems in
conjugated molecules is given, followed by the formation of molec-
ular solids. The next sections are dealing with their optical prop-
erties, energy transfer mechanisms, and the radiative and non-
radiative decay of excited molecules. After briefly summarizing the
electrical properties, a simple model for excited state densities in-
corporating the different loss mechanisms is presented. Finally the
basic working principle of OLEDs is discussed, and the general
composition of a pin-OLED is explained.
2.1 Molecular Orbitals
The concept of molecular orbitals is essential for the understanding of the
basic properties of organic semiconductors. The molecules represent a many
particle system with N electrons and K nuclei. To describe them by a quantum
mechanical approach, the Schro¨dinger Equation
HˆΨ = EΨ (2.1)
has to be solved with E as Eigenenergies of the wave function Ψ, and the
corresponding Hamiltonian Hˆ. The Hamiltonian can be written as
Hˆ = Tˆn + Tˆe + Vˆnn + Vˆee + Vˆne. (2.2)
Here, Tˆn and Tˆe characterize the kinetic energy of the nuclei and the electrons,
while the terms Vˆnn, Vˆee and Vˆne give the potential energy of the interaction be-
tween the nuclei, the electrons and between nuclei and electrons, respectively.
Unfortunately, the Schro¨dinger Equation (2.1) cannot be solved closed-form
even for the simplest molecule, the H+2 molecular ion consisting of two protons
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and one electron. For that reason, approximations have to be made to simplify
the Schro¨dinger Equation to be able to deduce the molecular properties.
Following the Born-Oppenheimer approximation, the movement of the nu-
cleus can be treated as independent from the electron movement. This as-
sumption is justified by the large difference in mass. For a hydrogen atom,
this nucleus (proton) is approximately 1840 times the electron mass, while the
mass ratio easily reaches values of 105 for nuclei containing several protons and
neutrons. Therefore, the Hamiltonian (2.2) turns into the sum
Hˆ = Hˆn + Hˆe (2.3)
with a part describing the electrons and nuclei. Thus, the resulting wave
function Ψ can be written as a product of the electron and the nucleus wave
function, Ψe and Ψn, respectively:
Ψ(~r, ~R) = Ψe(~r)Ψn(~R). (2.4)
The wave function Ψn is a function of the nuclei coordinates ~R, while the
electron wave function is dependent on the electron coordinates ~r. As a result,
the total energy of a molecular state can be written as the sum of electronic
and vibrational contributions:
Etotal = Eelectronic + Evibration. (2.5)
Here, the electronic contributions are represented by the Eigenenergies of the
electron wave function, and the vibrational contributions result from the nuclei
movements. This separation is later used in the Frank-Condon principle and
is depicted in Figure 2.8.
For the description of molecules containing more than one electron, the
so-called one-electron approximation has to be used [48]. In this approxima-
tion, each electron is considered to be interacting with the average charge
distribution of all other electrons. Therefore, the electronic Hamiltonian can
be separated into a sum of individual components for each electron. The
electronic wave function ψi(~ri) that describes the state of this electron and
depends only on the coordinates of this electron is called molecular orbital.
Its square modulus |ψi(~ri)|2 determines the spatial probability distribution for
this electron. Hence, the electronic wave function can be written as Hartree
product :
Ψe(~r) =
N∏
i=1
ψi(~ri). (2.6)
To include the electron spin, an additional spin coordinate si has to be
added to the wave function [49]. As the non-relativistic Hamiltonian does
not incorporate the electron spin, the resulting spin orbitals φi(~ri, si) can be
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written as a product of a spatial function ψ(~ri) and a spin function ζ(si). This
spin function can only have two different orthonormal values α(si) and β(si),
hence, two spin orbitals exist for each spatial orbital:
φi(k) =
{
ψi(k)α(k) ≡ φi
ψi(k)β(k) ≡ φi.
(2.7)
Here, the space and spin coordinates are indicated by the number k of the
electron, while the index i indicates the corresponding orbital.
Linear Combination of Atomic Orbitals
To construct the molecular orbitals, the linear combination of atomic orbitals
is a common method. In the linear combination of atomic orbitals approx-
imation, the molecular orbitals ψi are built by a linear combination of the
corresponding atomic orbitals χk, weighted by the coefficients ci:
ψi =
n∑
k=1
cikχk . (2.8)
This reduces the problem of determining the suitable wave function to the
numerically solvable problem of finding the right set of coefficients. From a
mathematical point of view, the linear combination of atomic orbitals is sim-
ilar to a series expansion. Such a method is exact as long as the basis set is
complete, which is the case for an infinite number of basis functions. How-
ever, even a small number of atomic orbitals commonly leads to remarkably
good results. The H2 molecule, for example, can be modeled by the linear
combination of only two atomic orbitals (Figure 2.1):
Φ+ = N+ (χa + χb) ,
Φ− = N− (χa − χb) .
(2.9)
Here, the 1s atomic orbitals χa,b of the two H-atoms form a symmetric and an
antisymmetric molecular orbitals, Φ+ and Φ−, respectively. N+ and N− are
the normalizing factors to ensure that 〈Φ+|Φ+〉 = 1. The symmetric molecular
orbitals are bonding orbitals, the probability distribution |Φ+|2 is non-zero in
between the two nuclei. The antisymmetric molecular orbitals exhibit a node
between the nuclei and represent the anti-bonding orbitals. Due to the energy
splitting, the bonding orbitals are always lower in energy than the atomic
orbitals, while the anti-bonding are higher compared to the atomic orbitals.
In the ground state, the two electrons of the H2 molecule are located on the
bonding Φ+ molecular orbitals and have an opposite spin according to the
Pauli exclusion principle. An additional electron would have to be placed on
the anti-bonding Φ− orbital and therefore leads to a weakened bond.
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Figure 2.1: Schematic representation of the bonding (Φ+) and anti-
bonding (Φ−) molecular orbitals of the H2 molecule, built by linear com-
bination of the 1s atomic orbitals. The corresponding energy splitting is
depicted in the right part of the figure. Adapted from [48].
Electron Configuration of Carbon
In molecules formed out of atoms containing more than one electron, the elec-
trons from the inner, closed atomic shells do usually not contribute. Chemical
bonds occur via the outer, weakly bound valence electrons. In the unbound
ground state, the electrons of the carbon atom are arranged in the 1s22s22p2
configuration. Two of the six electrons are in the 1s orbital, two in the 2s
orbital, and two are distributed among the three 2p orbitals. Therefore, two
valence electrons are available for chemical bonding. The shapes of the corre-
sponding atomic orbitals are depicted in Figure 2.2(a), in this case calculated
for the hydrogen atom. However, the energy splitting between the 2s and 2p
states is only 4eV, and there is actually an excited state of the carbon atom
with one electron in the 2s and each of the 2p orbitals. In the bound state, the
external forces from the neighboring atoms compensate the energy difference
between the 2s and 2p states, making them degenerate in energy. In this case,
new hybrid orbitals are formed by linear combination of the functions that are
degenerate. The shape of such a sp-orbital is depicted Figure 2.2(b).
Three types of hybridization are possible for the carbon atom, namely the
sp-, sp2-, and sp3-hybridization. Examples for the three different bond config-
urations are given in Figure 2.3. For ethane, four hybrid orbitals are formed
by mixing the 2s orbital with all three 2p orbitals (sp3-hybridization). The
carbon atoms form four single bonds, arranged in the corners of a tetrahedron
with the angle between two bonds of 109.5◦. The atoms are strongly bound
by the overlap of the sp3 orbitals that form a σ-bond along the axis between
the atoms.
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Figure 2.2: (a) Representation of the lowest atomic orbitals of the
hydrogen atom. The lines represent the equipotential surfaces for 99 %
probability of presence. (b) Formation of the sp hybrid orbital by the
combination of the s- and one p-orbital. Reproduced from [50].
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Figure 2.3: Examples of different bond configurations: (a) In ethane,
the carbon atom forms three single bonds, the atom is sp3 hybridized. (b)
For ethene, the two carbon atoms are bound by a double bond (one σ- and
one pi-bond). Hence, the carbon atoms are sp2 hybridized. (c) In ethyne,
the carbon atoms are sp hybridized, the triple bond is formed by one σ- and
two pi-bonds. (d) Benzene is the building block for the group of aromatic
hydrocarbons.
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An example for the opposite extreme is ethyne with the carbon being sp-
hybridized. Only two hybrid orbitals are formed by the combination of the 2s
orbital with one 2p orbital. The two carbon atoms are bound by a σ-bond, the
two hydrogen atoms saturate the outer sp orbitals. The remaining two carbon
2p orbitals per atom are arranged perpendicular to the σ-bond and lead to the
formation of two weakly bound pi-bonds.
The most interesting configuration for molecular electronics is, however,
the sp2-hybridization. Here, three hybrid orbitals are formed by the 2s and
two 2p orbitals. These three are arranged in-plane with an angle of 120◦, while
the remaining 2p orbital is oriented perpendicular to that plane (top left in
Figure 2.4).
Ethene is the simplest representative here. In ethene, the two carbon atoms
are linked by a double bond, consisting of a σ-bond formed by the sp2 orbitals,
and a pi-bond from the 2pz orbitals (top center in Figure 2.4). The strong
overlap of the sp2 orbitals leads to a large splitting of that orbital into a
bonding σ and an anti-bonding σ∗ orbital. The bonding orbital is occupied
twice, while the anti-bonding orbital is unoccupied. The energy splitting of the
pi-bond orbital, in contrast, is much smaller due to the weak overlap. Again,
the pi-orbital is twice occupied and the pi∗ orbital is unoccupied. Therefore,
the pi orbital forms the highest occupied molecular orbital (HOMO), whereas
the lowest unoccupied molecular orbital (LUMO) is a pi∗ orbital. This holds
true for many typical organic materials comprising σ- and pi-bonds. Hence, the
energetically lowest absorption band in such molecules is related to a pi − pi∗
transition.
As a second example, benzene is given in Figure 2.4. Benzene is the main
building block for small molecules used in organic electronics. It is a conju-
gated molecule, meaning that every second C-C bond is a double bond (Figure
2.3(d)). Therefore, the pi-electron system in now delocalized along the com-
plete carbon ring. Hence, the splitting of the pi-bonds increases with each 2pz
orbital contributing to the conjugation. Furthermore, the HOMO-LUMO gap
and therefore the optical and electronic gap of the molecule tend to decrease
with increasing pi-electron system. The σ-bonds between the carbon atoms, in
contrast, are degenerate and therefore independent of the molecule size.
The discussion above clearly demonstrates why the delocalized pi-electron
system is essential for organic semiconductors. Organic compounds comprising
only single bonds form four σ-bonds per carbon atom. Therefore, the band
gap of these compounds is extremely large and they are classified as insulators.
Popular examples are polymers like polyethene, polypropylene and polyvinyl
chloride. Conjugated molecules, however, offer the possibility to tune the
optical and electrical gap by changing the size of the delocalized pi-electron
system.
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Figure 2.4: The sp2 hybrid orbitals and the remaining 2pz orbital of
the carbon atom are depicted here. In ethene and benzene, the in-plane
σ-bonds are formed by the hybrid orbitals (top row), while the 2pz orbitals
lead to additional pi-bonds between the carbon atoms (second row). The
schematic energetic splitting of the bonding and anti-bonding orbitals is
given in the lower part (not to scale). While the C-C σ-bonds are degen-
erate in energy and independent of the molecule size, the 2pz orbitals split
into n pi orbitals for a molecule with n carbon atoms contributing to the
conjugated pi-electron system. The orbital images have been taken from
[51].
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Polarization Effects
A further property of conjugated molecules, as they were presented above,
results from the fact that their bonds are saturated. The bonding pi orbitals
are fully occupied, while the anti-bonding pi∗ orbitals are unoccupied. Hence,
these molecules cannot form any further covalent bond. Therefore, an organic
solid built out of these molecules can only be bound by the comparably weak
van der Waals interaction. The resulting overlap of the pi-electron system
of adjacent molecules is small compared to the intermolecular 2pz overlap of
neighboring molecules. Consequently, the width of the electronic bands caused
by the formation of the solid, on the order of tens to a few hundred meV, is
much smaller than for inorganic semiconductors [52].
In the case of weakly coupled molecular crystals, an additional charge car-
rier is added either by injection or by generation within the crystal. Extra
electrons will be allocated on the LUMO, while positive charges (defect elec-
trons) lead to a reduced occupation of the HOMO (corresponding to the pi and
pi∗ orbital). The resulting charged molecule interacts with the surrounding and
leads to a series of relaxations processes (Figure 2.5). Hence, a charge traveling
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Figure 2.5: Schematic representation of the process of polaron forma-
tion in a hypothetic molecular crystal consisting of Benzene molecules.
These three processes happen in series, on an increasing time scale. (a)
Electronic polarization of the neutral pi orbitals of surrounding molecules
shown as displacement of the aromatic ring and formation of an electronic
polaron. (b) Vibronic relaxation of the charged molecule and formation of
a molecular polaron. (c) Lattice relaxation by displacement of surrounding
molecules and formation of lattice polaron. The different time scales and
corresponding interaction energies calculated for an anthracene crystal are
given in the bottom. The values are taken from [53].
through a molecular crystal can be considered as a quasi-particle consisting
of the charge and its interaction with the surrounding molecules. Following
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the treatment of Silinsh [53], this polaron includes the contributions of the
electronic polarization of the surrounding molecules (electronic polaron, Fig-
ure 2.5(a)), the vibronic relaxation of the charged molecule (molecular polaron,
(b)), and finally the lattice relaxation (lattice polaron, (c)).
The electronic polarization is the fastest process, almost instantaneous
compared to the typical charge localization time (calculated for an anthracene
crystal). The positively/negatively charged molecule induces dipoles in the
surrounding molecules, stabilizing the charge carriers energetically by a po-
larization energy Pe for electrons, and Ph for holes, respectively (Figure 2.6).
As the polarizability of the molecules is huge, the corresponding polarization
energies can be in the range of 1.0− 1.5 eV. Thereby, the electron affinity Ag
is decreased by Pe while the ionization energy is decreased by Ph in the molec-
ular solid, compared to the isolated molecule. Hence, the band gap between
the electron and hole transport states is reduced by 2.0 − 3.0 eV due to the
electronic polarization.
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Figure 2.6: Schematic representation of the evolution of the pi electron
states upon the formation of a van-der-Waals solid. The ionization energy
(Ig,s) and the electron affinity (Ag,s) are given for the isolated molecule
(index g) and the molecular solid (index s), respectively. Evac is the vac-
uum energy, Eg the optical gap, Ee the electron and Eh the hole transport
level, forming the conduction and valence band, respectively. The charge
transport levels are stabilized by the polarization energies of electrons (Pe)
and holes (Ph). The broadening of the S1 is caused by dipole-dipole in-
teractions, provided there is a significant orbital overlap. In the case of
a disordered solid (amorphous or polycrystalline layer), the polarization
energies are randomly distributed due to the slightly different surrounding
of each molecule. The electron and hole transport gap can therefore be
characterized by a gaussian distribution of the density of states (Ge,h).
Adapted from [54] and [55].
With time scales of 10−15 − 10−14 s, the vibronic relaxation of the charged
molecule is the next process in the series of relaxation. The additional charge
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leads to a redistribution of the localized charges and therefore changes the
bond length and vibrational frequencies. The total energy gain here is in the
range of 0.1 eV for anthracene, and its time constant is in the order of the
typical charge localization time in anthracene crystals. Therefore, the charge
transport will be affected by the formation of the molecular polaron.
The lattice polarization is the slowest process. Here, the surrounding mole-
cules change their positions relative to the lattice as result of the interaction of
the charge and the induced dipoles on the neutral molecules. With an energy
gain on the order of several tens of meV and its long time scale, this effect has
a comparatively small influence on the charge carrier.
2.2 Optical Properties
The electronic states of an organic solid are mainly governed by the properties
of the individual molecules, as a result from the low intermolecular forces
compared to the intramolecular binding forces. Hence, the optical properties
are dominated by molecular transitions. After absorption of a photon, the
resulting excited states are therefore localized Frenkel excitons. The generated
electron and hole are located on one molecule. Due to the strong Coulomb
interaction, these excitons exhibit a strong binding energy on the order of
1 eV. In inorganic semiconductors, by contrast, the delocalized Wannier-Mott
excitons are observed. Here, the higher dielectric constant  leads to a more
pronounced electric field screening, reducing the Coulomb interaction between
electron and hole, and thus resulting in a larger distance.
Upon excitation, one electron is shifted from an occupied orbital to an
unoccupied one. Depending on the spin quantum number of this excited state,
the molecule is either in a singlet state (S = 0) or a triplet state (S = 1). The
electronic ground state of organic molecules with an even number of electrons
usually exhibits a total spin quantum number S = 0, as the pi orbitals are
fully occupied, each with two electrons with, according to the Pauli exclusion
principle, opposite spin.
These possible excited state configurations can be understood with the help
of the spin orbitals defined earlier. The configurational function Φ basically
consists of each possible combination of occupied spin orbitals φi. These con-
figurational functions have to be antisymmetric with respect to the exchange
of each pair of electrons, and can, therefore, be written by an antisymmetrized
spin-orbital product known as Slater determinant. This is the generalized form
of the Pauli exclusion principle. Hence, the ground state of a closed shell mol-
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ecule with n electrons, with the lowest n/2 orbitals doubly occupied, is given
by:
1Φ0 =
∣∣φ1(1)φ1(2)φ2(3)φ2(4) . . . φn/2(n− 1)φn/2(n)∣∣ . (2.10)
Such a wave function describes a singlet state, as it exhibits the spin quantum
numbers S = 0 and Ms = 0.
The origin of singlet and triplet states can be explained by considering the
ground state and first excited states of a two-electron system. In the ground
state, both electrons occupy the lowest orbital φ1 according to:
1Φ0 =
∣∣φ1φ1∣∣ . (2.11)
In the first excited states, the two lowest orbitals φ1 and φ2 are now singly
occupied, leading to the following possible combinations:
|φ1φ2| ,
∣∣φ1φ2∣∣ , ∣∣φ1φ2∣∣ , and ∣∣φ1φ2∣∣ .
The z component of the total spin from left to right is equal to Ms = 1, 0, 0,
and −1, while only the first and last determinant exhibit S = 1. The linear
combinations of the two remaining determinants
Φ± =
1√
2
(∣∣φ1φ2∣∣± ∣∣φ1φ2∣∣) (2.12)
result in wave functions with S = 0 and 1, respectively. Hence, the first excited
singlet (1Φ1) and triplet (
3Φ1) states can be written as follows:
1Φ1 =
1√
2
(∣∣φ1φ2∣∣+ ∣∣φ1φ2∣∣) ,
3Φ1 =

|φ1φ2|
1√
2
(∣∣φ1φ2∣∣− ∣∣φ1φ2∣∣) .∣∣φ1φ2∣∣
(2.13)
The multiplicity of the singlet states is one, while the multiplicity of the triplet
states is three. Furthermore, the triplet functions are degenerate in energy in
the absence of external fields. A vectorial representation of the spin orienta-
tions in the singlet and triple states is given in Figure 2.7.
The energy of the singlet exciton is usually higher than the energy of the
triplet exciton. This energetic difference is referred to as singlet-triplet split-
ting. As the excitons are localized Frenkel excitons, electron and hole are
located on the same molecule. The electron in the LUMO and the remaining
hole in the HOMO are bound by Coulomb interaction. Hereby, singlet exci-
tons typically exhibit lower binding energies. This can be understood by the
Pauli principle: as the two remaining electrons in the case of a triplet exciton
have the same spin, they are not allowed to be closely together. Therefore, the
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Figure 2.7: Vector model of the coupling of two spins to a singlet and
three triplets. The z component of two opposite spins always adds to zero
(Ms = 0), while the total spin adds to S = 0 or S = 1, depending on
whether the vectors rotate out of phase or in phase, respectively. Repro-
duced from [49].
Coulomb repulsion between these two electrons is smaller, leading to a larger
exciton binding energy for triplet excitons. The exciton binding energy is the
difference between the HOMO-LUMO distance and the exciton energy Es or
Et.
Frank-Condon Principle
As we have assumed for the Born-Oppenheimer approximation, the electronic
motion is much faster than the vibrational motion of the nuclei (typical fre-
quencies of 3× 1015 s−1 compared to 3× 1013 s−1, [56]), and therefore the wave
functions can be written as products as in Equation 2.5. For an optical tran-
sition between two electronic states, this implies that the positions and veloci-
ties of the nuclei do not change significantly during the absorption. Hence, the
wave function for the nuclear motions remains unchanged and the transition
occurs vertically in the potential energy diagram (Figure 2.8). The transition
whose vibrational wave function is the most similar to the initial states nu-
clear wave function has the largest transition moment, and therefore, yields
the most intense transition. Thus, the absorption intensity is proportional to
the square of the two nuclear wave functions. This statement is known as the
Frank-Condon principle:
|Miν→fν′ |2 = |Mi→f |2
∣∣∣〈χfν′|χiν〉∣∣∣2 . (2.14)
Here, Mi→f is the transition moment for the transition from state i to f , χi
and χf are the initial and final nuclear wave functions, and |〈χfν′|χiν〉|2 the
Frank-Condon factor.
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Figure 2.8: Absorption (blue) and fluorescence (orange) according to
the Frank-Condon principle. (a) As the potential curves of the ground
and excited electronic states are shifted against one another, the absorp-
tion transitions occur at higher energies than the emission. (b) The ab-
sorption is strongest for the particular transition with the maximum wave
function overlap, which is usually not the lowest excited state. After inter-
nal vibrational relaxation, the emission occurs from the lowest level of the
excited state (ν ′0). Therefore, the absorption spectrum exposes the vibra-
tional structure of the excited state, while the emission spectrum is related
to that of the ground state (solid lines). The shift between the maxima of
the broadened absorption and emission spectra (dashed lines) is known as
“Stokes shift”. It increases with the increasing difference between the equi-
librium geometries of the ground and excited state. The shift between the
ν0−ν ′0 transitions of absorption and emission is referred to as “anomalous
Stokes shift” and results from the different intermolecular interactions of
the ground and excited states.
After excitation, the molecules quickly relax to the lowest excited state vi-
brational mode ν ′0, and emission is usually observed from ν
′
0 into the different
vibrational modes of the ground state (Kasha’s rule). The shape and intensi-
ties of the emission band is in the same way determined by the Frank-Condon
factors. The vibrational modes of the ground state, which show up in the
emission, and those of the first excited state, responsible for the fine structure
of the absorption, are often quite similar, especially for pi − pi∗ transitions of
delocalized pi systems. Consequently, a mirror symmetry between emission
and absorption is observed.
Due to the internal radiationless relaxations, the emission is redshifted
compared to the absorption. This shift between the absorption and emission
maximum is known as Stokes shift. It increases with the increasing difference
between the equilibrium geometries of the ground and excited state. The shift
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between the ν0 − ν ′0 transitions of absorption and emission is referred to as
anomalous Stokes shift and results from the different intermolecular interac-
tions of the ground and excited states [56]. A reorientation of the surrounding
molecules leads to a decrease of the excited states energy, and therefore, an
emission at a lower wavelength. The Stokes shift is beneficial for the use of
organic emitters in OLEDs, as it reduces the reabsorption of the emitted light.
A nice way of visualizing the different competing monomolecular relaxation
processes is the Jablonski diagram as sketched in Figure 2.9. The diagram
schematically displays the singlet ground state S0, the first two excited singlet
states S1 and S2, the first three excited triplet states T1 to T3, and the corre-
sponding vibrational modes. The radiative transition from an excited Singlet
state to the ground state is named fluorescence, while the corresponding one
from a triplet state is called phosphorescence. All higher excited states typi-
cally exhibit a very short lifetime in the range of 10−12 s, and quickly undergo
radiationless relaxation to the lowest excited state of the corresponding man-
ifold, S1 and T1, respectively. This process can be divided in two steps, as
sketched for the relaxation from a vibronic S2 state to the lowest S1 state in
Figure 2.9. The molecule undergoes internal conversion (IC), e.g. a transi-
tion from the S2 state to the corresponding vibrational S1 state, followed by
vibrational relaxation (VR) to the lowest S1 state. Similarly, the radiationless
deactivation from S1 to S0 can occur. For the radiationless deactivation of
the T1 states, the molecule undergoes in intersystem crossing (ISC) to the
corresponding vibrational S0 state, followed again by vibrational relaxation.
The triplet states can be populated either by absorption of a photon, or by
intersystem crossing from the corresponding excited singlet state.
However, transitions between singlet and triplet states are spin-forbidden in
the absence of spin-orbit coupling, as they require the flip of the electron spin.
This criterion is almost perfectly fulfilled for low atomic numbers like C and
H. Therefore, the lifetime of the T1 state in aromatic hydrocarbons is large,
typically in the range of 10−4 to 20 s, and the absorption S0 → T1 exhibits
absorption coefficients in the range of only 10−4 to 10−5 cm−1 [54]. Allowed op-
tical singlet-singlet transitions, for comparison, exhibit typical absorption co-
efficients in the range of 105 cm−1. However, the introduction of heavier atoms
like Br or J leads to an increased spin-orbit coupling, and therefore, increased
transition rates between the singlet and triplet manifold. By switching from
Naphthalene to 1-Bromonaphthalene, for example, the intersystem crossing
rate for the S1 → T1 transition increases from 1.6×106 s−1 to 1.9×109 s−1, re-
spectively [58]. Thereby, the triplet absorption and phosphorescence increases,
while the lifetime of T1 decreases. Hence, the molecular structure allows to
tune between fluorescence and phosphorescence. Consequently, highly efficient
state-of-the-art OLEDs use phosphorescent organometallic complexes incorpo-
rating transition metals like platinum, osmium, or iridium as emitter system.
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Figure 2.9: Schematic Jablonski diagram of a molecule or molecular
crystal, illustrating the competing monomolecular transitions. The elec-
tronic ground state, as well as the excited singlet and triple states are
indicated by thick black lines. The corresponding vibrational states are
given by thin black lines. The absorption is indicated by the blue arrows
(abs.), the fluorescence from the singlet states in orange (fluor.) and the
phosphorescence from the triplet state in red (phosph.). The non-radiative
processes are the internal conversion (IC), the vibrational relaxation (VR)
and the intersystem crossing (ISC). Adapted from [57].
Electroluminescence
The emissive transitions from an excited state to the ground state are labeled
by the preceding process of excitation. Above, the absorption of a photon
(photoexcitation) and subsequent luminescence is discussed, which is named
photoluminescence (PL). In the case of an electrical excitation of the mol-
ecules, the ensuing emission is named electroluminescence (EL). In OLEDs,
the exciton is formed by a bimolecular recombination of an electron and a hole
(usually with random spin orientation). Due to the short mean free path of the
charge carriers resulting from weak intermolecular coupling of the molecules,
this process can be described by the Langevin theory [57, 59, 60]. The charge
carriers are attracted by Coulomb interaction, and form an electron-hole pair
on one molecule, if their distance is smaller than the Coulomb capture radius.
The Coulomb capture radius is given by
rc =
e2
4pi0rkBT
, (2.15)
where e is the elementary charge, 0 the permittivity of free space, r the
relative permittivity of the emission layer, kB the Boltzmann constant, and
T the temperature. For r = 3.0, the capture radius at room temperature
(300 K) is rc ≈ 19 nm. The Langevin recombination rate κL can be written as
κL =
e (µe + µh)
0r
, (2.16)
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with µe and µh the mobilities of electrons and holes in the emission layer, re-
spectively. Subsequently, the electron-hole pairs quickly form excitons in the
higher lying singlet state SN or triplet state TN , due to their large binding
energy. According to spin statistics, these excited states are generated with a
ratio of three triplets to one singlet, a ratio which has been verified in small
molecule OLEDs [4, 57, 61, 62]. The excitons subsequently rapidly relax to the
lowest excited state of the corresponding manifold, similar to the case of optical
excitation. As a result, fluorescent emitters are limited to a maximum internal
quantum efficiency of 25 %, when excited electrically. Optimized phosphores-
cent emitters, however, enable an internal quantum efficiency of up to one.
These materials exhibit effective radiative recombination of their triplet exci-
tons, and, due to an increased intersystem crossing, allow for the exploitation
of the singlet excitons as well.
2.3 Energy Transfer and Loss Processes
In the previous section, the possible intermolecular relaxation pathways result-
ing either in the emission of a photon, or in the transfer of the excited state
energy to the surrounding in terms of heat were discussed. In the following,
the different energy transfer mechanisms between molecules are introduced,
followed by the explanation of bimolecular exciton annihilation processes.
2.3.1 Electronic Energy Transfer
If the relaxation of an excited molecule D∗ involves the simultaneous transfer
of its electronic energy to a second molecule, this process is referred to as
electronic energy transfer
D∗ + A→ D + A∗. (2.17)
Here, the donor molecule is given as D, the acceptor molecule as A, and the
star denotes the excitation of the molecule. In the following, the multiplicity
of the states will be additionally indicated by a superscript 1 or 3, for singlet
or triplet states, respectively.
This energy transfer can occur either radiatively or non-radiatively. Fur-
thermore, the non-radiative energy transfer can occur by Coulomb interaction,
usually referred to as Fo¨rster resonant energy transfer, or via the exchange
mechanism, often named Dexter energy transfer.
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Radiative Energy Transfer
The radiative energy transfer involves the radiative relaxation of the donor,
followed by the reabsorption of this photon by the acceptor molecule:
D∗ → D + hν,
hν + A→ A∗. (2.18)
The process of photon reabsorption is sometimes called cascade or trivial en-
ergy transfer process because of its conceptual simplicity [63]. It does not
involve any direct interaction between donor and acceptor, as it is a two step
process. It is important at long distances, typically more than 10 nm, and
therefore is the dominating transfer mechanism observed in dilute solutions.
It depends on the quantum efficiency of emission by the donor molecule and
the light absorption efficiency of the acceptor molecule. Hence, this process is
not as efficient as the non-radiative transfer mechanisms.
Non-radiative Energy Transfer
In contrast to the reabsorption, the non-radiative transfer is a single step
process. Hence, the transitions D∗ → D and A → A∗ have to be equal in
terms of energy. Thus, a spectral overlap between the absorption spectrum of
the acceptor and the emission spectrum of the donor is necessary. The overlap
J is defined by
J =
∫ ∞
0
ID(ν)εA(ν) dν, (2.19)
with ID(ν) and εA(ν) as the normalized spectral distributions of the donor
emission and acceptor absorption, respectively. The overlap integral J is pro-
portional to the number of resonant transitions on the donor and acceptor
molecules. Furthermore, the transitions have to be coupled by a suitable
donor-acceptor interaction β, which is given by the interaction integral
β = 〈Ψi
∣∣∣Hˆ ′∣∣∣Ψf〉. (2.20)
Here, the operator Hˆ ′ includes all electrostatic interactions between the elec-
trons and nuclei of the donor and acceptor. Ψi and Ψf denote the anti-
symmetrized wave functions of the initial state with the excitation of the
donor, Ψi = AˆΨD∗ΨA, and the final state Ψi = AˆΨDΨA∗ with an excited
acceptor molecule.
By applying time-dependent perturbation theory, rate constants for the
non-radiative energy transfer can be obtained with Fermi’s golden rule [56]
ki→f =
2pi
~
〈Ψi
∣∣∣Hˆ ′∣∣∣Ψf〉2ρE = 2pi~ β2ρE, (2.21)
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where ρE denotes the density of states of the final state at the energy of the
initial state. Therefore, ρE is related to the spectral overlap J defined above.
Two distinct coupling mechanisms have been recognized to mediate the
transfer process, the Coulomb or dipole-dipole interaction (proposed by Fo¨rster
[64]), and the electron exchange (proposed by Dexter [65]). Hence, the coupling
term β can be written as the sum of the different coupling terms β = βCoulomb−
βexchange.
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Figure 2.10: Schematic representation of the two non-radiative en-
ergy transfer processes from a donor molecule (D) to an acceptor (A).
(a) Fo¨rster resonant energy transfer by dipole-dipole coupling, with the
necessary spectral overlap J between emission and absorption indicated
in green. (b) Dexter energy transfer by exchange interaction. Here, the
spatial orbital overlap between donor and acceptor is mandatory.
The Fo¨rster Energy Transfer
The energy transfer by Coulomb interaction – often called Fo¨rster resonant
energy transfer (FRET) – represents the classical interactions of the charge
distributions of the donor and acceptor molecule [63, 64]. For intermolecu-
lar distances RAD in the range of several nm, the dominating dipole-dipole
interaction can be expressed as:
βCoulomb ≈ MDMA
R3AD
, (2.22)
with the dipole transition moments of the emission (D∗ → D) and absorption
(A → A∗), MD and MA, respectively. With Fermi’s golden rule (Equa-
tion 2.21), the rate constant of energy transfer by Coulomb interaction may
be written as [56]:
kCoulomb ≈ fDfA
ν2R6DA
J. (2.23)
Here, fD,A are the corresponding oscillator strengths, and J is the normalized
spectral overlap defined above (Equation 2.19). It can be seen from this equa-
tion that the rate constant is proportional to R−6AD. The Fo¨rster energy transfer
2.3 Energy Transfer and Loss Processes 31
is significant up to a donor-acceptor separation of 10 nm, which is large, but
much less than the range of radiative energy transfer.
A prerequisite for the Fo¨rster energy transfer is that both transitions, on
the donor and acceptor, have to be allowed. Therefore, a spin flip is not allowed
in either participant. For the case of a two-electron system, the Coulomb
interaction integral can be written as
βCoulomb =
∫
ΨD∗(1)ΨA(2) Hˆ
′ ΨD(1)ΨA∗(2) dτ1 dτ1, (2.24)
with the spin orbitals of the donor and acceptor ΨD,A(1, 2), containing a space
factor ψi and a spin factor α or β. It represents the interaction between the
charge distributions
Q1 = |e|ψD∗(1)ψD(1), (2.25)
Q2 = |e|ψA(2) ψA∗(2). (2.26)
As the operator Hˆ ′ does not include the electron spin, the spin integration
only yields a non-vanishing contribution if there is no change in spin in either
component. Hence, only the following two transitions are fully allowed by
Fo¨rster transfer:
1D∗ + 1A→ 1D + 1A∗, (2.27)
1D∗ + 3A→ 1D + 3A∗. (2.28)
For of a phosphorescent donor molecule, however, the strong spin-orbit cou-
pling increases the radiative recombination rate from the lowest triplet state.
As pointed out by Fo¨rster ([63, 66, 67]), for strong spin-orbit coupling the en-
ergy transfer by Coulomb interaction is possible for the following transitions:
3D∗ + 1A→ 1D + 1A∗, (2.29)
3D∗ + 3A→ 1D + 3A∗. (2.30)
According to Fo¨rsters theory, the rate constant for radiationless energy transfer
depends on the spontaneous radiative transition probability for de-excitation
of D∗. As the transition 3D∗ → 1D requires intersystem crossing, the rate
constant for transitions starting from 3D∗ will be lower than those starting from
1D∗. However, they may have a similar probability due to the equally forbidden
nature of the competing non-radiative de-excitation processes, leading to a long
lifetime of the excited state. Note that a molecule with a triplet ground state
is required for the transitions given in Equation 2.28 and 2.30, which is usually
not observed in the molecules used for OLEDs.
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The Dexter Energy Transfer
In contrast to the dipole-dipole coupling as driving force for the Fo¨rster energy
transfer, the Dexter energy transfer is based on the quantum mechanical ex-
change interaction. The interaction integral for the two electron case is given
by
βexchange =
∫
ΨD∗(1)ΨA(2)
e2
r12
ΨD(2)ΨA∗(1) dτ1 dτ1, (2.31)
and represents the interaction of the charge densities
Q1 = |e|ψD∗(1)ψA∗(1), (2.32)
Q2 = |e|ψA(2) ψD(2). (2.33)
Therefore, βexchange vanishes if ΨA and ΨD or ΨA∗ and ΨD∗ contain different
spin functions. Hence, Dexter transfer has to obey the Wigner-Witmer spin-
conservation rule [68], according to which the total spin must not change
during the reaction. This leads to the following allowed transitions:
1D∗ + 1A→ 1D + 1A∗, (2.34)
3D∗ + 1A→ 1D + 3A∗. (2.35)
The first one represents the singlet-singlet transition already allowed by Fo¨rster
transfers. The triplet-triplet transfer, however, is only possible by Dexter
transfers. It is essential in phosphorescent OLEDs, as it enables processes like
triplet exciton diffusion.
Furthermore, the Dexter transfer allows, for example, the transfer between
two molecules in their excited triplet state, as it is seen in triplet-triplet anni-
hilations:
3D∗ + 3A∗ → 1D + 1,3,5A∗∗. (2.36)
Here, according to vector addition, the initial spins SD∗ = SA∗ = 1 can be
combined to a total spin of 2, 1, and 0. Therefore, this transfer gives one
molecule in a singlet state, while the other may be in a higher excited singlet,
triplet, or quintet state.
The rate constant for the Dexter transfer
kexchange ≈ e− 2LRDAJ, (2.37)
with the constant L related to the effective average orbital radius, does not
depend on the oscillator strengths of the involved transitions. The exchange
interaction depends on the spatial overlap of the orbitals of A and D, and
therefore decreases exponentially with increasing RDA. Accordingly, the Dex-
ter transfer is a short range transfer, occurring over distances of 1− 1.5 nm.
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2.3.2 Loss Mechanisms
Apart from the internal conversion followed by vibronic relaxation indicated in
Section 2.2, several additional loss mechanisms exist in organic semiconductors.
As an OLED aims at the generation of photons, the term loss mechanisms de-
notes processes leading to the non-radiative depopulation of the excited states.
Especially under intense electric excitation, various loss processes become im-
portant that are not dominant in standard OLED operation. These processes
can be bimolecular (bi-excitonic) annihilations, induced absorption processes,
or the direct dissociation of excitons due to the applied field. A detailed de-
scription of the different processes will be given in this section.
Bimolecular Annihilations
In bimolecular annihilation processes, two excitons on different molecules are
involved. In an excited organic semiconductor, basically three quasiparticles
are available, singlet excitons, triplet excitons, and polarons. These processes,
therefore, depend on the densities of both particle types. At sufficiently high
excitation density, each possible combination can lead to a significant quench-
ing of excitons (Table 2.1). These annihilation processes will be described in
detail in the following.
Singlet Triplet Polaron
Singlet SSA STA SPA
Triplet TSA TTA TPA
Table 2.1: At high excitation density, basically each combination of
quasiparticles can lead to a significant quenching of excitons. Singlet-
singlet annihilation (SSA), triplet-triplet annihilation (TTA), singlet-
triplet annihilation (STA), triplet-singlet annihilation (TSA), and quench-
ing of singlets or triplets by polarons (SPA, TPA).
Singlet-Singlet Annihilations
Singlet-singlet annihilation (SSA), also known as singlet-singlet exciton fusion,
describes the energy transfer between two singlet excitons. The energy of one
exciton is transferred to the second, resulting in a highly excited singlet exciton
[57].
S1 + S1
κSS−−→ S0+S∗n, (2.38)
S∗n −→ S1 + heat.
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Here, κSS denotes the corresponding rate coefficient, and S
∗
n is a vibronically
excited singlet state with n ≥ 1. The vibronic state S∗n then quickly relaxes
to the lowest excited singlet state S1. This process is allowed by Fo¨rster and
Dexter energy transfer, as the spin of the involved excitons is not changed.
In recent publications, the ratio of 3:1 was stated for the creations of triplet
and singlet states after the energy transfer [33, 41, 42]. However, the direct
creation of a triplet state by two singlet states is not possible by Fo¨rster or
by Dexter energy transfer. The Fo¨rster transfer does not allow the spin of the
individual molecules to be changed, as the transitions on the donor and the
acceptor need to be allowed. Triplet exciton creation, however, would require a
forbidden S1 → T ∗n transition on the acceptor. The Dexter transfer is restricted
by the Wigner-Witmer spin-conservation rule (Section 2.3.1), thus, the total
spin must not change during the reaction. For two initial singlet states with
S = 0, the only possible reaction leads to two states with S = 0, which are
again singlet states.
A change in spin-symmetry is only possible if the excited singlet exciton S∗n
ionizes and subsequently reforms to an exciton obeying spin statistics. How-
ever, this process is considered to be unlikely, as it requires the dissociation of
the exciton, which in most molecular systems has a binding energy of ≈ 1 eV
[40, 56, 57].
Triplet-Triplet Annihilations
Triplet-triplet annihilation (TTA), also referred to as triplet exciton fusion,
was discovered very early, as it is the process giving rise to the delayed fluo-
rescence. TTA involves the collision of two triplet excitons, as only the short
range Dexter energy transfer allows for the interaction of two triplet states
(Equation 2.36). Since in most materials the singlet energy is less than the
sum of the energies of the colliding excitons [57], TTA leads to the generation
of singlet and triplet states:
T1 + T1
3/4 κTT−−−−−→ S0+T ∗n , (2.39)
T ∗n −→ T1 + heat,
T1 + T1
1/4 κTT−−−−−→ S0+S∗n, (2.40)
S∗n −→ S1 + heat.
The corresponding rate coefficient is κTT . The vibronically excited triplet and
singlet states, T ∗n and S
∗
n (n ≥ 1), subsequently quickly relax to the lowest
excited state within their corresponding manifolds. The singlet-triplet ratio of
3:1 results from spin statistics. The singlet excitons generated by this process
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in turn lead to a detectable fluorescence signal (delayed fluorescence). While
the normal fluorescent lifetime is in the range of 10−9 s to 10−8 s, the apparent
lifetime of the fluorescence resulting from this two-step process is of the order
of milliseconds.
For the case of phosphorescent emitters, however, TTA can also occur by
Fo¨rster energy transfer [69, 70]. Similar to the Fo¨rster transfer from a triplet
donor indicated in Equations 2.29 and 2.30, the strong spin-orbit coupling
increases the T1 → S0 transition and the intersystem crossing rate. Only one
ISC process is necessary, as the transition T1 → T ∗n does not involve a spin
flip.
T1 + T1
κTT F−−−→ S0+T ∗n , (2.41)
T ∗n −→ T1 + heat.
Therefore, TTA is possible by long range non-radiative energy transfer. A
prerequisite for this type of energy transfer is a spectral overlap of phospho-
rescence and triplet-triplet absorption bands, which should be the case for
most aromatic molecules (except benzene and naphthalene) [69]. However, in
this case only triplet excitons result from TTA, as the generation of a singlet
exciton would require two simultaneous ISC steps.
Singlet-Polaron Annihilations
Singlet excitons can also be deactivated by trapped or free charges, which is re-
ferred to as singlet-polaron quenching or singlet-polaron annihilation (SPA). As
a change in spin-symmetry is not necessary, the singlet exciton can efficiently
transfer its energy to the charged molecular ion via long range dipole-dipole
Fo¨rster interaction:
S1 + n
κSP−−→ S0 + n∗. (2.42)
Here, n and n∗ denote polarons in their ground and excited state, respectively,
treated as spin one-half particles, κSP is the corresponding rate coefficient.
The interaction of singlet states with electrons and holes does not necessary
have to be equal. A possible way of determining the SPA rate coefficient is
the measurement of the current dependent fluorescence lifetime in unipolar
devices.
Triplet-Polaron Annihilations
In contrast to the SPA, triplet-polaron annihilation (TPA), denoting the quench-
ing of triplets by polarons, cannot take place by Fo¨rster energy transfer. The
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transfer from the lowest triplet state to the singlet ground state is not allowed.
The quenching process can be written as follows:
T1 + n
κTP−−→ S0 + n∗, (2.43)
with κTP as rate coefficient. The left-hand side can have a net spin of ±3/2
and ±1/2, while the right-hand side can exhibit a spin of ±1/2. Hence, there
are spin-allowed channels for the overall process, and TPA is therefore based
on the short-range Dexter energy transfer. Here, too, the quenching rate for
electrons and holes does not have to be equal.
Similar to the SPA, the determination of the rate coefficient is possible by
measuring the change of emission upon injection of charges. In the case of
a fluorescent emitter, this emission signal results from delayed fluorescence,
while in phosphorescent emitter systems the radiative recombination of triplet
states is detected.
Singlet-Triplet Annihilations
Due to the spin-forbidden nature of the triplet-singlet transition, the lifetime
of the triplet exciton is quite long, especially in singlet emitter systems. In
these materials, a large population of optically inactive and long-living excited
triplet excitons is built up during operation. Triplet excitons act as efficient
quenchers of singlet excitons according to the following reaction:
S1 + T1
κST−−→ S0+T ∗n , (2.44)
T ∗n −→ T1 + heat,
with the rate coefficient κST . Hence, in this process one singlet exciton is
quenched, transferring its energy to a triplet exciton. As both transfers are
spin-allowed, this annihilation process takes place by long-range Fo¨rster energy
transfer [57, 71]. Its rate coefficient depends, therefore, on the spectral overlap
of the fluorescence with the triplet-triplet absorption band.
The reverse process, particularly the transfer of the triplet energy to an
excited singlet S1 (triplet-singlet annihilation, TSA), is spin-forbidden due
to the T1 → S0 transition. Nevertheless, in the case of a phosphorescent
emitter with strong spin-orbit coupling, this process is possible as indicated in
Equations 2.29 and 2.30. The process can be written as
T1 + S1
κTS−−→ S0+S∗n, (2.45)
S∗n −→ S1 + heat,
with the rate coefficient κTS. This annihilation process requires an overlap
of the phosphorescence with excited singlet absorption. However, this process
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should not be of importance in most organic materials. As it requires a material
with strong spin-orbit coupling, not only the T1 → S0 but also the ISC rate is
increased. Therefore, a sufficiently high singlet exciton density for this process
to become significant will most probably not build up.
Induced Absorption Processes
Besides the bimolecular annihilation processes described above, excitons and
polarons also introduce additional absorption bands, leading to an increased
reabsorption of the emitted light. As the energy of these excited state elec-
tronic transitions is usually smaller than the HOMO-LUMO gap, the resulting
absorption bands are situated within the optical gap of the molecule.
In the case of polaron absorption, a polaron is excited to a higher excited
state by absorbing a photon. For a negatively charged molecule, for exam-
ple, the extra electron in the LUMO is lifted to a higher energy state. Since
the density of available states in the molecular ion increases with energy, it
is usually the case that an allowed level is available to accommodate a tran-
sition from the ground state to some excited state of the ion [57]. Therefore,
additional lower energy absorption bands are enabled in this case.
n+ hν −→n∗, (2.46)
n∗ −→ n+ heat.
Polaron absorption has been extensively studied for polymer and small molec-
ular weight materials. To enhance this effect, charges are added to the mole-
cule in absorption spectroscopy measurements by doping, photo-generation or
charge injection. The material Alq3:DCM used in this work, for example, has
been investigated in an OLED geometry under electrical excitation, and ex-
hibits polaron absorption in the wavelength range from 620 nm to 715 nm [72].
Unfortunately, this polaron absorption partially overlaps with the emission of
the singlet emitter DCM (emission between 600 nm and 640 nm).
For triplet absorption, a triplet exciton T1 is promoted to a higher triplet
state T ∗n by absorption of a photon, from where it quickly relaxes back to the
lowest excited triplet state.
T1 + hν −→T ∗n , (2.47)
T ∗n −→ T1 + heat.
As the energetic distance between T1 and Tn is typically smaller than the dis-
tance S0-S1, these transitions lead to intra-bandgap absorption bands. Once
again, optical spectroscopy is the key to measure the triplet absorption bands.
Alq3, for example, exhibits a broad triplet absorption with a maximum around
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520 nm, extended up to 700 nm in benzene [73]. In thin films of Alq3, a maxi-
mum of the triplet absorption is observed at 600 nm [74]. Therefore, in the
host-guest system Alq3:DCM, not only the reabsorption of the emitted fluores-
cence should be increasing with increasing triplet exciton density, but also the
singlet-triplet annihilation is expected to give a significant contribution due to
the spectral overlap of singlet emission and triplet absorption [38, 75].
Singlet absorption is comparable to the triplet absorption: an excited sin-
glet state S1 is transferred to a higher singlet state S
∗
n and subsequently relaxes
back to the lowest excited singlet state S1.
S1 + hν −→S∗n, (2.48)
S∗n −→ S1 + heat.
This process is, however, not significant in typical OLEDs incorporating host-
guest emitter systems. For a singlet emitter system, the singlet exciton density
on the host material (exhibiting a wider band gap) should be low, as the exci-
tons are rapidly transferred to the guest molecules via Fo¨rster energy transfer.
As the singlet absorption is expected to be redshifted with respect to the fluo-
rescence of the guest molecules, the singlet absorption should not have a major
contribution.
Field-induced Exciton Dissociation
Field-induced exciton dissociation, also named field quenching, describes the
dissociation of an exciton into unbound charge carriers by an external field.
Frenkel excitons are basically an electron hole pair bound by Coulomb inter-
action and situated on a single molecule. If the external field is high enough
to overcome the exciton binding energy, the exciton can be broken up, ending
in an unbound electron and hole.
For small molecules, this exciton binding energy is in the range from 0.2 eV
up to 1.6 eV, depending on the spatial expansion of the molecule [76]. The
stronger the localization of the excited state is, the larger is the exciton binding
energy. The singlet exciton binding energy of Alq3, for example, is as large
as 1.4 eV [77, 78]. Depending on the exciton binding energies, field-induced
dissociation becomes an important loss mechanism for applied electric fields
above 106 V cm−1. For the molecule Alq3, values for fluorescence quenching
between 10 % and 50 % have been found at an applied field of 1.5×106 V cm−1
[79–81]. In host-guest systems, the exciton dissociation is seen to depend
additionally on the energetic separation between the HOMO and LUMO of the
guest and the host molecules, respectively. After the dissociation of an exciton
on a guest molecule, the charges have to be transferred into the corresponding
2.4 Electrical Properties of Organic Layers 39
orbitals of the host, requiring additional energy. Therefore, dye doped Alq3
layers exhibit less field quenching than a neat layer [81].
Several different models have been used to describe the dissociation process,
from which the Onsager theory seems to describe the effect correctly for most
materials [79, 80, 82, 83]. However, these theories will not discussed in detail
here, as field quenching will not be included in the description of the results
of this work. Even though field quenching is expected to reduce the absolute
exciton densities by a few percent at applied fields above 106 V cm−1, it should
not effect the dynamics of singlet and triplet densities on the time scale they
are investigated in this work.
2.4 Electrical Properties of Organic Layers
The weak intermolecular coupling of organic molecules in a van-der-Waals solid
does not only affect the optical properties, but also has a significant influence
on the charge transport in organic semiconductors. The main restrictions
resulting from the small intramolecular orbital overlap will be discussed in the
following section.
In a simple conducting solid with only a single type of charge carrier, the
current density j can de described by an average drift velocity v˜ according to:
j = qnv˜. (2.49)
In our case, the main charged species are electrons and holes with a charge
q = ∓e, the corresponding carrier density is n. In a moderate external field
F , the relation between v˜ and F is called charge carrier mobility µ
v˜ = µF. (2.50)
In general, µ is a tensor, reflecting the anisotropy of the investigated material.
The majority of organic material used in OLEDs, however, form amorphous
films. Therefore, these layers do not exhibit a pronounced anisotropy, and µ
can be treated as scalar. The charge carrier mobility is a material parameter,
however, in most organic materials, µ strongly depends on applied field, tem-
perature, charge carrier concentration, the molecular arrangement, and many
other factors.
Space Charge Limited Currents
In amorphous organic semiconductors, charge carrier transport typically occurs
via thermally activated hopping processes [84]. Hereby, the density of states of
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the conduction bands can be described by a gaussian distribution (Figure 2.6).
Therefore the mobilities are low, on the order of 10−4 cm2 V−1 s−1 and lower,
and are expected to increase with increasing temperature and increasing field.
Assuming an ohmic contact to the organic layer, the current is typically
limited by a space charge building up at the contact and hindering further
injection of carriers (space charge limited current, SCLC). Due to the low
mobility, the charges cannot be transported through the layer fast enough. In
the absence of free charge carriers (the material is assumed to be an insulator),
and for a constant mobility µ, the current can be described by the Mott-Gurney
law previously developed for inorganic material [85]:
jMG =
9
8
0rµ
V 2
L3
. (2.51)
Here, 0 denotes the permittivity of free space, r the relative permittivity of
the organic layer, V the applied voltage, and L the thickness of the layer.
Additionally, the current is assumed to be unipolar and free of trap states,
hence, bipolar recombinations can be neglected. This case is referred to as
trap-free SCLC.
However, an organic solid is free of shallow traps and/or charge carrier traps
only in rare cases. In general, the presence of trap states leads to a reduced
current due to a decreased charge carrier mobility. As these traps allow for
the presence of thermally activated charge carriers, one has to distinguish
between two distinct regimes [86]. As long as fewer charge carries per volume
are injected than are present in the bulk via thermal activation, the device
behaves ohmic:
j = n0qµ
V
L
, (2.52)
with the equilibrium charge carrier density n0. As soon as the voltage exceeds
this limit, a space charge builds up and the traps are gradually filled. For
currents above the trap-filled limit, the so-called trap-filled SCLC describes
the device behavior.
If only discrete trap states with an energy below the quasi-Fermi level are
present, then the current density can still be expressed by the Mott-Gurney
law. The trap states are incorporated into an effective mobility µeff = Φµ,
with Φ being the ratio between free and trapped charge carrier densities [85].
For trap levels located at a single energy, this trap-filled limit is a sharp tran-
sition, at which the current switches to the trap-filled SCLC.
In disordered films, however, an exponential distribution of the trap states
situated in the high/low energy tail of the gaussian distribution of states (for
electrons/holes) is more likely [86]. Therefore, the current density is described
by:
j = Ncqµ
(
0rr
qNt
)r
(2r + 1)r+1
(r + 1)r+2
V r+1
L2r+1
, (2.53)
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with Nc as effective density of states in the conduction band, Nt as total density
of traps, r = Tt/T , kBTt as energy characterizing the trap distribution, and T
as temperature of the film. The exponential trap distribution is given by:
nt(E) =
(
Nt
kBTt
)
exp
{
E − Ec
kBTt
}
. (2.54)
Here, nt(E) denotes the trap density of states at the energy E, and Ec the
energy of the conduction band.
Temperature Dependency of the Mobility
As mentioned in the beginning of this section, the charge carrier mobility for
hopping transport in organics is strongly dependent on several external fac-
tors. The hopping process depends on temperature, as hopping is a thermally
activated process. The energies of the initial and final state involved in the
charge transfer process need to be equal, thus lattice excitations (phonons) are
required for successful transfer. Hence, hopping transport is phonon assisted,
and an increased temperature leads to an increased mobility [87]. Experimen-
tal data can usually be fitted by an Arrhenius-type temperature dependence
of the mobility [88–90]:
µ(T ) = µ0 exp
{
− E0
kBT
}
, (2.55)
with E0 as the thermal activation energy of the transport process.
Field Dependency of the Mobility
The field dependency of the charge carrier mobility is usually described by the
Poole-Frenkel approach. Hereby, the external field F reduces the activation
energy for transport in direction of the applied field, leading to an increase of
the mobility according to:
µ(F ) = µ(0) exp
{
β
√
F
}
, with (2.56)
β =
√
e3
pir0
.
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Here, µ(0) = µ0 is the zero-field mobility and β the field amplification factor.
In general, these two parameters are field-dependent, leading to the so-called
Poole-Frenkel form:
µ(F, T ) = µ(0, T ) exp
{
−E0 − β(T )
√
F
kBTeff
}
, with (2.57)
1
Teff
=
1
T
− 1
T0
,
where T0 is the temperature at which Arrhenius plots of µ at various F in-
tersect, and µ(0, T ) the mobility at T0 [91, 92]. The name of Equation 2.57
originates from its similarity to the Poole-Frenkel Law [93], even though it
has been deduced empirically and the exp{√F} dependency cannot be simply
explained by the Poole-Frenkel effect [54]. The gaussian disorder model by
Ba¨ssler, however, directly gives the exp{√F} dependency, as a result of the
field dependent hopping rate [84]. Nevertheless, the Poole-Frenkel model fits
well with many experimental observations.
Considering the temperature-independent Poole-Frenkel type mobility as
it is given in Equation 2.56, the space charge limited current (Equation 2.51)
can be approximated by [94]:
jPF =
9
8
0rµ0
V 2
L3
exp
{
0.89β
√
V
L
}
. (2.58)
For small field amplification factors β, the current density exhibits the com-
monly expected V 2/L3 dependence. For large β, however, the dominating
dependency is the exponential term with V/L, hence the increase in voltage
with increasing thickness at a fixed current density is smaller than expected
by the Mott-Gurney law.
Carrier-density Dependency of the Mobility
Finally, the charge carrier mobility depends on the carrier concentration nc.
The idea behind the density dependency is that at low carrier density, all
charge carriers can be affected by trapping due to energetic disorder and/or
impurities. At sufficiently high carrier densities, however, only a portion of
the carriers is necessary to fill all the traps, while the remaining carriers can
experience trap-free transport [90]. The concentration dependence of the mo-
bility was initially observed in organic field effect transistors, where very high
carrier densities up to 1020 cm−3 are achieved (up to 0.01-0.1 carriers per site)
[95]. However, several recent results indicate that the dependency of µ on nc
is also important for OLEDs [96–99], even though the typical carrier densi-
ties are several orders of magnitude lower. Tanase et al., for example, ob-
serve a significant increase of mobility with carrier densities starting from
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nc = 10
16 cm−3 in polymer-based OLEDs [100]. Several theoretical and com-
putational approaches have been employed to describe the carrier-density de-
pendence [101, 102], from which one based on a percolation variable range
hopping model is given here [95]. According to [100], the mobility is given by:
µ(nc, T ) = µ(0, T ) +
σ0
e
(
l4 sin(pi/l)
(2α)3Bc
)l
nl−1c , (2.59)
where σ0 is a factor for the conductivity, α
−1 the effective overlap parameter
between localized states, l = T0/T with T0 a measure for the width of the
exponential density of states, Bc a critical number for the onset of percolation,
and nc the charge carrier density.
With an average carrier density n˜c in the device [85], the current density
can be written as [100]:
jnc = 0.8 en˜cµ(n˜c)
V
L
, with (2.60)
n˜c =
3
2
0r
V
eL2
.
Combining this current density with Equations 2.56 and 2.59 leads to the total
thickness dependence [99]:
jnc = jMG + c
V l+1
L2l+1
, (2.61)
where c is a proportionality constant. For T = T0 (l = 1) the conventional
V 2/L3 behavior is observed. For T0  T and sufficiently large voltages, how-
ever, the second term dominates and the thickness scaling will approach V/L2.
Doping of Organic Semiconductors
Organic semiconductors typically exhibit an extremely low intrinsic charge
carrier concentration. Due to their large band gap in the range of 2 − 3 eV
(Eg  kBT ), virtually no thermally activated charge carriers are available. It
is, however, similar to inorganic semiconductors, possible to increase the charge
carrier concentration by the specific incorporation of impurities [6, 103, 104].
Hereby, strong donors and acceptors are coevaporated during the deposition
of the organic layer. These either transfer an electron to the LUMO of the
matrix (n-type doping) and therefore generate a free electron on the matrix,
or remove an electron from the HOMO of the matrix (p-type doping), leaving
a hole behind (Figure 2.11). The increased charge carrier density leads to a
controlled shift of the Fermi level and an increased conductivity, and therefore
reduced ohmic losses across the organic layer.
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Figure 2.11: Schematic representation of molecular doping in organic
semiconductors. For p-type doping, the LUMO of the dopant needs to be
below the HOMO energy of the matrix. The dopant acts as acceptor and
leaves a mobile hole on the LUMO of the matrix. n-type doping requires
the HOMO of the dopant (donor) to be higher than the LUMO of the
matrix.
The doping has initially been done by strongly oxidizing gases for the p-
doping or Lithium for n-doping. Unfortunately, these dopants are very small
and diffuse easily within the device, leading to bad device stability. A better
approach towards electrical doping is the usage of larger aromatic molecules,
which are strong pi-electron donors or acceptors [7]. Several molecular p-type
dopants are commercially available, and most of the fundamental works on
controlled doping of organic semiconductors have been conducted with molec-
ular dopants. Molecular n-type dopants, however, are much more difficult to
find. To efficiently dope wide band gap transport materials, the HOMO of
the dopant has to be very close to the vacuum level. These dopants are very
sensitive to oxidation and thus difficult to handle. This is the reason why alkali
metals like Lithium or Cesium are still widely used as n-type dopants [105].
Aside from the improved conductivity, doping of organic semiconductors
also facilitates the charge carrier injection from electrodes. To inject charges
into an organic semiconductor, the work function of the electrodes has to be
chosen close to the conduction level, hence, close to the LUMO or HOMO
of the material for electron or hole injection, respectively. The remaining
energy offset, however, leads to an injection barrier and the formation of a
depletion zone in the organic material. Thus, the resulting current is usually
injection limited. The width of this depletion zone w scales with the dopant
concentration NA/D as follows [106, 107]:
w =
√
20r
qNA/DVb
, (2.62)
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Figure 2.12: Charge carrier injection into doped organic semiconduc-
tors. The level bending induced by doping decreases the depletion layer
width, leading to an increased probability of tunnel injection at the inter-
faces to anode and cathode.
with the charge q and the level bending Vb. High doping concentrations there-
fore lead to a thin barrier, through which the carriers can easily tunnel (Fig-
ure 2.12). Consequently, the contact is changed from blocking to ohmic, and
the voltage drop on the contact is minimized. Hence, a larger offset between
electrode work function and conduction level is tolerable, e.g. allowing for
the selection of the contact material according to their optical properties. It
has been shown, for example, that the transparent conductive oxide ITO can
be used for efficient injection of holes into p-doped hole transport materials
[103, 108], as well as electrons into a highly doped electron transport material
[109].
2.5 Modeling of Singlet and Triplet Densities
The different non-radiative loss mechanisms presented in Section 2.3.2 affect
the singlet and triplet exciton density in an electrically driven OLED. By
accounting for these annihilation processes, the balance between exciton gen-
eration and annihilation can be modeled by a set of nonlinear rate equations
[40, 41, 75], where also a discussion of the contributions of the different pro-
cesses at high excitation densities is provided.
In the theoretical model balanced charges (n=p) are assumed, therefore
three differential equations are required to model the densities of the quasi-
particles in the device: polarons, singlet excitons, and triplet excitons. The
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charge carrier distribution is assumed to be homogeneous in the electrically
undoped emission layer, i.e., the space charge close to the injecting interface is
neglected. Furthermore, the charge transit times within the device are ignored.
In Section 2.2, exciton generation takes place by Langevin recombination, with
the recombination rate κL (Equation (2.16)). Thus, the polaron population n
is given by
dn
dt
=
j(t)
ed
− κLn2, (2.63)
with the current density j(t) at the time t and the width of the recombination
zone d.
Taking into account the processes affecting the excited singlet states (Equa-
tions (2.38), (2.40), (2.42), and (2.44)), their population can be described by
the following equation:
dS1
dt
=
1
4
κLn
2−κSS1−κSSS21−κSTS1T1−2κSPnS1−κISCS1+
1
4
κTTT
2
1 . (2.64)
Here, S1 and T1 denote the excited singlet and triplet densities, respectively.
κS is the radiative and non-radiative decay of singlet excitons, and κISC is the
rate coefficient for intersystem crossing. According to spin statistics, 1/4 of
the generated excitons are singlet excitons. The factor 2 for the SPA results
from the fact that singlet excitons are quenched by electrons and holes, the
rate coefficient for both effects is assumed to be the same. Finally, 1/4 of the
TTA processes lead to the generation of a singlet exciton.
With the effects influencing the triplet density (Equation (2.39), (2.40),
and (2.43)) and the triplet decay rate κT , their population is given by:
dT1
dt
=
3
4
κLn
2 − κTT1 − 5
4
κTTT
2
1 − 2κTPnT1 + κISCS1. (2.65)
The factor for TTA arises from spin statistics and the amount of lost excited
triplets per process (1 ·(3/4)+2 ·(1/4)). As fluorescent emitter systems will be
modeled in this work, the Fo¨rster-type TTA (Equation (2.41)) and the TSA
(Equation (2.45)) are not included in the rate equations. These two processes
would require a phosphorescent emitter or host material.
As can be seen from Equation (2.63), the only process reducing the po-
laron density in this simple model is the recombination to excitons. The
Langevin recombination rate, in turn, is determined by the charge carrier mo-
bility (Equation (2.16)). As the charge carrier mobility increases with carrier
concentration and external field, the recombination rate also increases with
increasing current density.
Due to the exciton generation ratio and the long triplet lifetimes, the triplet
densities are usually several orders of magnitude higher than the singlet densi-
ties. Therefore, the STA is expected to be the main process limiting the singlet
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density, as it scales with S1T1. A prerequisite is, however, that the material
system exhibits the necessary spectral overlap between the two transitions.
The triplet exciton density is dominated by TTA, as it is the only process
scaling quadratically with the triplet exciton density.
2.6 Organic Light Emitting Diodes
Basically, the simplest OLED consists of only one organic layer, sandwiched
between anode and cathode (Figure 2.13). One of the contacts is chosen to be
transparent to enable outcoupling of the light produced. Usually this is the
anode, which consists of a transparent conducting oxide (Indium Tin Oxide
(ITO), or Aluminum Zinc Oxide, for example). Due to the processing pa-
rameters of the oxide layer, it is typically chosen to be the first layer on the
substrate, as the deposition would otherwise damage the already deposited or-
ganic layers. A reflective metal cathode is then used to terminate the device,
leading to an emission through the bottom contact (bottom emitting device).
In the case of an outcoupling through the top electrode (for example a thin
semitransparent metal electrode), the device is referred to as top emitting.
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Figure 2.13: Idealistic single layer OLED under operation. For the
case of equal electron and hole mobility, the charge carrier recombination
takes place in the center of the organic layer.
Electrons and holes are injected into the LUMO and HOMO, respectively,
and move towards each other in the applied external field. As they approach
each other closer than the Coulomb capture radius, excitons are formed by
Langevin recombination (Section 2.2). These excitons subsequently radiatively
relax to the molecular ground state and thereby emit one photon. The position
of this recombination zone depends strongly on the mobility of electrons and
holes within the organic material. For the ideal case of equal electron and
hole mobility, the charge carrier recombination takes place in the center of the
organic layer. Unbalanced mobilities, however, shift the recombination zone
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to one of the electrodes, where the recombination will most probably occur
non-radiatively.
Double Layer OLEDs
By using two different organic layers, the recombination zone can be fixed at
a specific position close to the organic-organic interface. This device structure
was initially presented by Tang and VanSlyke [3], a schematic of the working
principle is given in Figure 2.14. Hereby, one material is chosen to be primar-
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Figure 2.14: Simple double layer OLED under operation. Electrons
and holes accumulate at the organic-organic interface. Due to the different
barrier heights, the exciton formation predominantly takes place on one
of the two materials.
ily hole-conducting, while the other one exhibits a higher electron mobility.
The injected charge carriers consequently accumulate at the organic-organic
interface. In the example sketched in Figure 2.14, the hole-transporting ma-
terial exhibits a higher LUMO than the electron transporting layer, leading
to a large injection barrier. Hence, the exciton formation predominantly takes
place in the electron transporting layer. As the hole mobility in the electron
transporting material is low, the recombination zone is pinned close to the
organic-organic interface.
The efficiency of this simple OLED device, however, is still rather low.
As the device consists of two undoped organic layers, the injection barriers
at the contacts are high, and therefore require a high driving voltage. The
conductivity is low, thus the current in the device is space charge limited,
leading once again to an increase in driving voltage.
pin-OLEDs
Highly efficient OLEDs nowadays comprise a few more layers; monochro-
matic OLEDs, for example, typically consist of five different organic layers.
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A schematic of such an OLED is given in Figure 2.15. The main increase
of device efficiency results from the incorporation of p- and n-doped charge
transport layers. These layers are arranged around a set of thin intrinsic lay-
ers, leading to the name pin-OLED [7].
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Figure 2.15: Typical pin-OLED under operation. Charges are injected
into highly doped electron and hole transporting layers (ETL, HTL). Thin
intrinsic electron and hole blocking layers (EBL, HBL) confine the charge
carriers to the emission layer (EML), where they form excitons and re-
combine radiatively.
As described in Section 2.4, the doped electron and hole transporting layers
(ETL, HTL) lead to a reduced charge carrier injection barrier and an ohmic
contact. These transport layers exhibit a high mobility for the corresponding
species, and the dopant concentration is chosen to reach a conductivity of
σ ≈ 10−5 S cm−1. At low current densities, the voltage drop across these
layers can be neglected, and the main voltage drop occurs across the thin set
of intrinsic layers. The driving voltage of the device is therefore minimized.
Furthermore, the emission layer can be shifted within the device by varying
the transport layer thickness, without a significant increase of driving voltage,
and thus loss of efficiency.
The set of intrinsic layers consists of two thin electron and hole blocking
layers (EBL, HBL), arranged around the actual emission layer (EML). The
blocking layers accomplish two important tasks. On the one hand, they confine
the charge carriers in the emission layer. The materials are chosen by their
HOMO and LUMO energy levels, such that they introduce an injection barrier
for charge carriers originating from the EML. As a result, the exciton formation
takes place in the EML. On the other hand, they separate the excitons in
the EML from the highly doped transport layers, and thereby prevent non-
radiative recombination. As the doped transport layers exhibit high charge
carrier concentrations, excitons at the interface to the transport layers would
otherwise suffer from strong quenching by these charges (Section 2.3.2). To
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successfully confine the excitons, the excited state energies on the blocking
layers need to be higher than those within the EML. Thus, an exciton diffusion
into the blocking layers is suppressed.
A further increase in device performance is finally achieved by using a host-
guest system as EML, where an efficient emitter material (guest) is doped
into a matrix material (host) at low concentrations. Many efficient emitter
molecules tend to form aggregates, or even grow in polycrystalline form when
used in a single layer. The aggregation leads to a red-shift of the emission
and, due to an increased number of non-radiative annihilation paths, to a
drop of quantum efficiency. Therefore, these emitter systems reach the highest
efficiency when the molecules are isolated, which can be achieved in by diluting
them in a different matrix material.
3 Experimental Setup
This Chapter gives an overview of the materials used and their
characteristic properties. After that, the sample structure and prepa-
ration is summarized. Finally, the last section discusses the differ-
ent measurement setups.
3.1 Characteristic Material Properties
Electrode Materials
In this work, transparent indium tin oxide (ITO) is used as anode material for
the light emitting devices. The substrates with an ITO layer of 90 nm thickness
exhibit a sheet resistance of 20 Ω/. After preparation and exposure to ambi-
ent conditions, ITO shows a work function of ΦITO = 4.1 eV, which is rather
low for injection into typical hole transport layers. An oxygen plasma treat-
ment, however, removes the carbon contaminations on the ITO surface, and
therefore shifts the work function to ΦITO = 4.7 eV [110, 111]. In cases where
a transparent anode is not necessary, gold (Au) with a higher work function of
ΦAu = 5.1 eV can be used as anode. Au exhibits a higher conductivity (0.22
Ω/ for a 100 nm layer) and can be easily structured via shadow mask evap-
oration. Aluminum (Al) and silver (Ag) are employed as cathode material.
With the conductivity values given in Reference [112], the 100 nm Al and Ag
cathodes exhibit a low sheet resistance of 0.28 Ω/ and 0.16 Ω/, respectively.
The different work functions are summarized in Table 3.1, an overview of the
arrangement with respect to the different organic semiconductors is presented
in Figure 3.3.
Transport Layer Materials
As matrix material for the p-transport layer, the well-investigated material
MeO-TPD, doped by different acceptor molecules is used [6]. MeO-TPD ex-
hibits a high hole mobility and, due to its large band gap of 3.2 eV, does not
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Work function [eV] Reference
Ag 4.52 [113]
Al 4.25 [113]
Au 5.1 [113]
ITO untreated 4.1 [111]
ITO O-plasma treated 4.7 [111]
Table 3.1: Work functions of the electrode materials used.
significantly absorb the light emitted. The employed dopants are F4-TCNQ,
F6TCNNQ, and C60F36, their HOMO and LUMO values are summarized
in Table 3.2, the molecular structures are given in Figure 3.1. Most OLEDs
are produced with the dopant F6TCNNQ, as it exhibits better stability and
process-ability compared to F4-TCNQ. C60F36 is a promising new p-dopant,
which is, however, only included in one sample for comparison. All three
dopants have a sufficiently low LUMO level to effectively dope MeO-TPD,
and therefore yield identical electrical properties. For the n-transport layer,
Cs doped BPhen is used in this work.
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Figure 3.1: Chemical structures of the molecules used in the transport
layers. (a) N,N ′-diphenyl-N,N ′-bis(3-methylphenyl)-[1,1′-biphenyl]-4,4′-
diamine (MeO-TPD); (b) the fluorinated fullerene derivate C60F36; (c)
2,2′-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6TCNNQ);
(d) 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ);
(e) 4,7-diphenyl-1,10-phenanthroline (BPhen).
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HOMO [eV] LUMO [eV] Reference
MeO-TPD -5.1 -1.9 [114]
F4-TCNQ -8.34 -5.24 [115]
F6TCNNQ -7.81 -5.37 [116]
C60F36 -8.38 -5.40 [117]
BPhen -6.38 -2.34 [114]
Table 3.2: HOMO and LUMO values of the employed transport layers
and p-dopants.
Blocker and Emitter Layer Materials
As the focus of this work is not the optimization of an OLED in terms of effi-
ciency or emission spectrum, only a limited amount of different materials are
used. Therefore, one singlet and one triplet emitter material with its corre-
sponding matrix is chosen. Their molecular structures are shown in Figure 3.2,
their important characteristics are summarized in Table 3.3.
NN
O
2
O
Ir-
N
N+
N
O
AlN
O
N
O O
N
N
N
Figure 3.2: Chemical structures of the emitter molecules with their
corresponding matrix used in this work. (a) Aluminum(III)bis(2-methyl-8-
quinolinato)-4-phenylphenolate (Alq3); (b) 4-dicyanomethylene-2-methyl-
6-p-dimethylaminostyryl-4H-pyran (DCM); (c) N,N ′-di(naphthalen-1-
yl)-N,N ′-diphenyl-benzidine (α-NPD); (d) Iridium(III)bis(2-methyl-
dibenzo[f,h]quinoxaline)(acetylacetonate) (Ir(MDQ)2(acac)).
As singlet emitter system, the efficient laser dye DCM doped into Alq3 is
employed. This system has been extensively studied within the last decades,
thus, several material properties are available to support the interpretation
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HOMO [eV] LUMO [eV] S1 [eV] T1 [eV]
α-NPD -5.4 [114] -2.6 [114] 2.81 [118] 2.29 [119]
Ir(MDQ)2(acac) -5.4 [114] -2.8 [114] 2.06 [120]
Alq3 -5.8 [121] -3.1 [121] 2.30 2.03 [122]
DCM -5.56 [123] -3.43 [123] 2.03
BPhen -6.38 [114] -2.34 [114] 3.20 [118] 2.58 [124]
Table 3.3: HOMO and LUMO values of the employed emitter and
matrix materials. The energies of the first excited singlet state result
from the fluorescence maximum. In the case of Ir(MDQ)2(acac), the first
triplet energy is visible in the phosphorescence spectrum. Additionally, the
first singlet and triplet energy of BPhen is included here, as it will be used
as hole HBL (see page 55).
of experimental data. The first incorporation of this emitter system into an
OLED was realized by Tang et al. in 1989 [125]. Alq3 serves as host mate-
rial. As Alq3 is a primarily electron transporting material, the recombination
zone in these devices is expected to be close to the electron blocking layer.
Alq3 exhibits a high photoluminescence quantum efficiency of about 30% with
the fluorescence maximum at 530 nm [126]. The Alq3 emission shows a large
spectral overlap with the absorption of the guest molecule DCM, which has
a broad absorption maximum around 485 nm. Hence, the efficient long-range
Fo¨rster energy transfer from the Alq3 to the DCM is favorable [127]. As the
transfer time (τtr = 19 ps [37]) is small compared to the singlet exciton lifetime
of the Alq3 (20 ns [125, 128–130]), most Alq3 singlet excitons are resonantly
transferred to DCM molecules within the Fo¨rster radius. The Fo¨rster radius
has been determined independently by several groups to be around 3.3 nm
[127, 131–133]. Hence, for DCM concentrations of 2 wt% (weight percent)
and higher, almost all Alq3 singlet excitons are transferred to DCM molecules
as the average distance between two dopant molecules is less than twice the
Fo¨rster radius.
The guest molecule DCM is an efficient singlet emitter with its peak emis-
sion in the red wavelength region [134, 135], which was initially used in liquid
solution for organic lasers. After being frequently employed in red fluorescent
OLEDs, it was later applied as one of the first active materials for organic solid
state lasers [22, 24, 25, 127, 136]. The polar DCM molecule exhibits a strong
solvation effect when dissolved in solvents of different dielectric susceptibility.
The absorption and fluorescence spectra are red-shifted for solvents with in-
creasing polarity. The spectral shift in emission is three times larger than in
absorption, therefore the Stokes shift increases with increasing solvent polarity.
Peak emission wavelength from 560 up to 655 nm can be found in literature
[134, 135, 137–142]. These solvation effects are also observed for host-guests
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systems when the polarity of the host matrix is changed [143, 144] (solid state
solvation). The DCM emission wavelength therefore depends on the employed
matrix material. Furthermore, the emission wavelength of DCM and its deriva-
tives strongly depends on the doping concentration [25, 125, 133, 143, 145–150].
An increase of doping concentration thereby leads to a red-shift of the emis-
sion wavelength. Polar dopants such as DCM tend to aggregate in oriented
domains that minimize the overall energy. The increased local electric field
causes self-polarization of the dopant molecules in the usually less polar ma-
trix, and therefore leads to a red-shift of the emission. Additionally, an aggre-
gation of the dopant molecules increases the probability of bimolecular exciton
annihilation, and therefore decreases the quantum efficiency. Hence, a maxi-
mum DCM emission efficiency is observed for a concentration of 2 wt% in Alq3
– lower concentrations lead to an incomplete energy transfer from the matrix
molecules, while higher concentrations suffer from increased non-radiative ex-
citon deactivation. The energy of the first excited singlet state of DCM given
in Table 3.3 has been calculated from the PL maximum of an amorphous layer
of Alq3 doped by 2 wt% of DCM.
As triplet emitter system, the efficient phosphorescent Iridium complex
Ir(MDQ)2(acac) with an emission maximum just above 600 nm is used. The
emitter is also diluted in the corresponding matrix material, in this case α-
NPD. Here, the triplet energy of the host material has to be higher than the
emitter triplet energy to successfully trap the triplet excitons on the guest
molecule. α-NPD is a primarily hole transporting material, therefore the re-
combination zone in this case is expected to be located close to the HBL. As the
triplet energy transfer occurs via short-range Dexter transfers, the optimum
dopant concentration is higher than in case of the singlet emitter system. A
too high emitter concentration, however, reduces the quantum efficiency. The
emitter molecules tend to aggregate, and Dexter-type triplet-triplet annihila-
tions deactivate the triplet excitons non-radiatively. The energy of the first
triplet state given in Table 3.3 has been obtained from the PL maximum of
an α-NPD layer doped by 20 wt% of Ir(MDQ)2(acac).
The electron blocking layer has to hinder the electrons from being injected
into the HTL. Furthermore, singlet and triplet excitons should be confined
to the EML, therefore the singlet and triplet energies have to be higher than
the corresponding energies of the host and guest of the EML. For the two red
emitter systems presented above, α-NPD fulfills these requirements. Therefore
a thin intrinsic α-NPD layer is used as EBL. Similar demands are made to the
hole blocking layer – the holes shall be blocked at the interface to the ETL
and the excitons be confined to the EML. In this work, a thin intrinsic layer
of the electron transporting material BPhen is employed as HBL.
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Figure 3.3: HOMO and LUMO values of the employed organic materi-
als. For ITO, both values are indicated: untreated and O-plasma treated.
The name of Ir(MDQ)2(acac) has been shortened for better readability.
The values are given in Table 3.1, 3.2 and 3.3.
3.2 Sample Preparation
In this work, bottom emitting OLEDs are investigated where the light is cou-
pled out through the transparent substrate. Therefore, commercially available
glass substrates (Corning Inc. Eagle XG) coated with 90 nm ITO are acquired
from Thin Film Devices Inc. The ITO bottom contact is pre-structured ac-
cording to the layout shown in Figure 3.4(a). Together with the corresponding
shadow mask for the top contact (Figure 3.4(b)), an active area of 5 mm2
is defined by the contact overlap. For the high current OLEDs, the active
area is reduced to only 100× 100 µm2 (Figure 3.4 (c) and (d)). Therefore, the
ITO bottom contact is structured either by lithography (SF-100 by Intelligent
Micro Patterning, LLC ) and subsequent etching, or by direct laser ablation
(laser structuring system by ACI Laser GmbH ). The corresponding top con-
tact shadow mask consists of 100 µm stainless steel with a 100 µm spacer at the
edges to protect the organic material. It is placed directly onto the substrate
to achieve a good reproduction of the contact geometry.
After cleaning the substrates in an ultrasonic bath (acetone, ethanol, and
iso-propanol) followed by an oxygen plasma treatment, the organic material is
deposited via thermal evaporation under high vacuum conditions (base pres-
sure of 10−8 mbar). To limit the material deposition to the central area of
the substrate, the organic material is structured by shadow masks. The film
thicknesses are monitored by quartz crystal microbalances operated at 6 MHz.
Mixed layers are fabricated by coevaporation of the different materials from in-
dividual sources. Hereby, the deposition of the distinct materials is monitored
by separate crystal monitors to precisely control the doping ratio. A crosstalk
between the thickness monitors is avoided by their geometrical arrangement.
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Figure 3.4: (a) Layout of the pre-structured ITO contacts on the
25x 25 mm2 glass substrate. (b) Standard top contact mask, leading to
an OLED active area of 5 mm2. (c) Structured ITO contacts for high
current OLEDs. (d) Top contact shadow mask resulting in an active area
of 100x100µm2.
As the Cs rate cannot be measured by quartz crystal monitors, the doping
ratio of the ETL is determined by an in situ conductivity measurement.
The sample processing is done in a UHV cluster tool (BESTEC GmbH )
with five individual organic deposition chambers. Each chamber contains up to
eight organic sources. An additional chamber contains four metal evaporators.
As the sample transfer is done in UHV too, the full processing can be accom-
plished without breaking the vacuum. However, for the 100× 100 µm2 OLEDs,
the sample has to be transferred to a directly attached nitrogen glovebox for
mask positioning prior to top contact deposition.
Finally, the samples are encapsulated under nitrogen atmosphere to pro-
tect the organic material from water and oxygen. For that purpose, a glass
lid with a 250 µm cavity is attached to the sample substrate using an epoxy
resin. The cavity ensures that the organic layer stack is not damaged during
the application of the encapsulation. After curing of the resin in the glove box,
the samples can be characterized at ambient conditions, therefore all measure-
ments throughout this work are carried out with encapsulated samples.
3.3 Device Evaluation
For the measurement of photoluminescence spectra of the employed materials,
two spectrometers are used: a Fluoromax (HORIBA Jobin Yvon) and a FS920
(Edinburgh Instruments Ltd.). Both are capable of acquiring steady state ex-
citation and emission spectra in the UV-VIS-NIR spectral range, while the
second one is more precise in the deep red wavelength region. Transmission, re-
flection, and absorbance of the samples and single materials are measured with
the double-beam UV-VIS-NIR Spectrophotometer UV-3101PC (Shimadzu).
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Electrical Excitation Measurements
The current-voltage characteristics at low continuous current are recorded with
Model 2400 SourceMeters (Keithley). These are very precise power supplies
with integrated measurement units capable of applying a maximum of 20 W
(±200 V, currents from ±10 pA to ±1 A).
For the pulsed electrical excitation, two different voltage sources are used.
A high power pulse generator, model 8114A (Hewlett Packard), capable of
supplying voltage pulses up to ±50 V at 50 Ω impedance at a current of up
to 2 A is employed for medium voltages. The pulse generator is limited to
a maximum frequency of 15 MHz and can deliver pulses with a width down
to 10 ns (transition time ≤7 ns). For higher voltages, a slightly slower self-
built pulse generator was used. This device basically consists of a fast MOS
field-effect transistor (400V, 12A), triggered by the HP pulse generator, and
achieves rise times of 10 ns.
The wiring of the pulse generator is depicted in Figure 3.5. The current
through the sample is measured by a pulse-withstanding 93 Ω series resistance,
the applied voltage is recorded close to the sample. To minimize the reflections
and optimize the pulse performance, the supply cable is terminated with a
50 Ω resistor parallel to the sample. The voltages U1 and U2 are tapped using
500 MHz oscilloscope probes to minimize the effect of the measurement. Data
acquisition is carried out on a fast digital oscilloscope (model Infiniium 54815A,
Hewlett Packard), providing the opportunity to average over several voltage
curves to increase the signal to noise ratio.
OLED
pulse generator
Figure 3.5: Wiring for pulsed electrical excitation measurements of the
OLEDs.
Microscope Setup
As the active area of the devices is very small, a microscope setup has been
built to carry out the measurements. A Jenaval Microscope is modified to hold
the OLEDs on a contacted transparent sample holder. The positioning of the
sample and coarse positioning of the detector is possible using a halogen lamp
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in transmission mode. A schematic layout of the microscope setup is shown
in Figure 3.6. The sample adjustment is done using the eyepieces, while the
detector is mounted on an x-y table at the camera-mount position. For the
measurements, an objective with a high numerical aperture of 0.65 (20× mag-
nification) is used to collect as much light as possible from the 100× 100 µm2
OLED. The signal is then focused onto an exchangeable detector.
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Figure 3.6: Schematic of the microscope setup used to characterize the
100× 100µm2 OLEDs.
Emission spectra are recorded using a small VIS-NIR spectrometer (model
USB4000, Ocean Optics), while the time dependent signal is measured by a
fast Si photo diode (PDA10A-EC, ThorLabs). The photo diode is equipped
with a built-in preamplifier and features a band width of 150 MHz, the data
acquisition is carried out with an oscilloscope.
Streak Camera Setup
The streak camera measurements are conducted using the streak camera model
C5680 and the slow single sweep unit M5677 by Hamamatsu Photonics. This
setup features a temporal resolution better than 50ps and a variable sweep
time up to 1ms.
In the streak camera measurements, the spectral evolution of the EL can
be resolved by appropriate triggering. Furthermore, by using a combination of
electrical excitation and optical probe, the residual excited states density after
the voltage pulse is explored. Therefore, a blue diode laser (Coherent Cube
405 nm, 50 mW) is focused to the electrically active device area. A schematic
of the streak camera setup is given in Figure 3.7.
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Figure 3.7: Schematic of the streak camera setup. The optical exci-
tation is done through the ITO bottom contact of the OLED, as the top
contact is not transparent.
4 Experimental Results
This Chapter summarizes the experimental results. First, the steps
necessary to achieve stable high current densities in organic semi-
conductors are discussed. After showing the results for single lay-
ers, the device complexity is increased step by step, up to a full
OLED with its power dependent emission spectra.
Next, the time-resolved emission behavior of a singlet and triplet
emitter device at high excitation densities is analyzed on the nanosec-
ond scale. To substantiate the explanation for the particular turn-
on behavior of the singlet emitter device, several additional mea-
surements are performed on this system, including streak camera
measurements and simple pump-probe experiments.
Finally, the experimental results are validated by modeling the sin-
glet and triplet population dynamics in the emission layer of the
fluorescent system to explain the time-resolved emission character-
istics.
4.1 High Currents in Organic Layers
OLEDs used for lighting and display applications are usually operated in con-
tinuous current mode at current densities in the range of few tens up to
100 mA cm−2 and hereby achieve a luminance of around 104 cd m−2 [151]. To
reach the necessary threshold excitation densities in an organic semiconduc-
tor laser diode, however, simulations anticipate the need of current densities
in the range of kA cm−2. Even though extremely high current densities up
to MA cm−2 in single layer organic thin films were demonstrated [152–154],
this task becomes much more challenging for full OLEDs with a well defined
recombination zone in the center of the device. In the following section, the
possibilities of achieve such high current densities are presented.
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4.1.1 From Single Layers to the Full Organic LED
Compared to inorganic semiconductors, the thermal and electric conductivity
of amorphous organic semiconductors is low. The typical thermal conductivity
κ of organic semiconductors is in the range of 0.1 W m−1 K−1 while Si, for
example, exhibits a conductivity of 148 W m−1 K−1 . Therefore, the thermal
design of high power organic light emitting devices is difficult. The Joule
heat mainly generated in the electrically undoped layers in the center of the
device has to be transferred to a thermally conductive substrate. Consequently,
the overall organic layer thickness has to be kept low. Furthermore, the low
electrical conductivity necessitates high voltages to drive the desired currents,
thus the total power applied to the device is high. It thus follows that a
continuous current operation of OLEDs at elevated current densities is not
feasible. Pulsed electrical excitation of the device is prerequisite to achieve
high exciton densities.
To keep the capacitance of the devices low, the samples in this work are
built using the 100×100 µm2 geometry presented in Section 3.2 unless oth-
erwise noted. The typical RC time of devices with two metal contacts and
100 nm organic layer is in the range of 80 ps. With one ITO-contact, the RC
time is governed by the series resistance of the ITO supply lines and is in
the range of 1.5 ns. Hence, the device properties observed in the following
are not dominated by the device capacitance. Additionally, the small device
area keeps the overall amount of heat to be dissipated by the substrate low.
All measurements in this work are conducted at ambient conditions, without
additional substrate cooling.
The Excitation Scheme
To explore the maximum possible current densities in the different materials
the OLEDS are comprised of, the j-V characteristics of various samples are
investigated – starting from single layers at different operation conditions up
to full pin-OLEDs. The j-V characteristics are measured at increasing current
densities up to the device destruction.
A single p-doped HTL is chosen to analyze the effect of the driving scheme
on the maximum possible current density. A layer of 100 nm MeO-TPD doped
by 2 wt% of F4-TCNQ is sandwiched between a 50 nm gold anode and a 70 nm
silver cathode. Four identical diodes are measured at different excitation pulse
length and duty cycle, the results are shown in Figure 4.1. Each data point in
the j-V curve is recorded 5000 times, the current and voltage curves are aver-
aged over 1024 measurements at the oscilloscope. The measurement curves are
similar for the different excitation schemes, except for the maximum current
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Figure 4.1: Stability of a 100 nm HTL at different excitation pulse
lengths. The devices are built on a glass substrate using a 50 nm Au anode
and a 70 nm Ag cathode.
density: while the maximum current density is as low as 230 A cm−2 at 5 µs
pulses (500 Hz), an identical sample sustains up to 6.2 kA cm−2 at 50 ns pulses
(1 kHz).
The maximum current density is limited by a catastrophic device failure.
The organic layers crystallize and the top contact is destroyed, ending up in
an open contact. Nevertheless, the devices are very stable for current densities
below this maximum. At 2/3 of the maximum current density, for example,
the samples can be operated for several hours without a sign of degradation
in current and voltage curves. Microscope images of destroyed samples nicely
illustrate the crystallization (Figure 4.2).
The device destruction is attributed to Joule heat produced in the organic
layers at electrical operation. In pulsed mode operation, there are two thermal
issues to consider: the temperature rise during a singe pulse and the temper-
ature rise integrated over many pulses. Hereby, the first is dominated by the
excitation pulse length, while the second results from the chosen duty cycle.
The dominant thermal time constant τt for the diode structures investigated
here is given by [30]:
τt =
Cρ
κ
(
d
pi
)2
, (4.1)
with the specific heat of the organic layer C, the density ρ, the layer thickness
d, and the thermal conductivity κ. With typical values for amorphous organic
layers (values for Alq3: κ = 0.107 W m
−1 K−1 [30], C = 1, 03 J g−1 K−1 [155],
ρ = 1.3 g cm−3), this time constant is τt = 12.6 ns for a 100 nm layer. As
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Figure 4.2: Microscope images of defective samples show the crystal-
lization of the organic layers (here: HTL, MeO-TPD:F6TCNNQ). (a)
Schematic of the device structure. In this case, the active area is defined
by a hole in a photoresist layer (circles with a diameter of 400µm). (b)
For a silver bottom contact, the crystallization takes place within the ac-
tive area, in the region with the highest current density. Hereby, a thicker
organic layer leads to larger crystallites. (c) In the case of an ITO anode,
however, the conductivity of the HTL is similar to the ITO conductivity.
Therefore, the ITO anode is supported by a 20 nm thin Al layer in the area
underneath the photoresist. Hence, the current density in the organic ma-
terial is maximal at the edge of the active area; the voltage drop across the
ITO reduces the current in the center of the active area. In this case the
crystallization of the organic layers takes place at the edge of the active
area.
τt is much smaller than the excitation pulse lengths used in Figure 4.1, the
organic layer can be considered in a thermal steady state. Assuming fixed
metal electrode temperatures, the maximum steady state temperature rise in
the center of the organic film is given by [30]:
∆T =
jV d
8κ
. (4.2)
The resulting temperature rise for the highest power density in Figure 4.1
(6.2 kA cm−2 at 15.7 V) is 114 K. With a glass transition temperature of 55 ◦C
for MeO-TPD and 90 ◦C for F4-TCNQ [156], a crystallization at these high
temperatures can be expected.
Following the above argumentation, the maximum current density should
be the same for all different excitation schemes. In the chosen sample struc-
ture, however, the heat generated in the organic layer cannot be dissipated
efficiently. The glass substrate used exhibits a low thermal conductivity of
1.05 W m−1 K−1 and a specific heat of 0.84 J g−1 K−1. The metal electrodes
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are too thin to dissipate a significant amount of heat. Hence, the maximum
current density is limited by the sample substrate.
The observed time-resolved current and voltage signals support this in-
terpretation (not plotted). At low and medium current density, the current
during a long voltage pulse stays constant. The Joule heat generated in the or-
ganic layer is dissipated through the metal electrodes, a thermal steady state is
reached. For high current densities, however, the current density rises towards
the end of the long excitation pulses. The energy cannot be dissipated com-
pletely by the metal electrodes; the temperature rise during the single pulses
leads to an increased charge carrier mobility, resulting in an increased current
density (Section 2.4).
Consequently, substrates with a higher thermal conductivity should in-
crease the maximum current density for thin samples, e.g. sapphire (κ =
46 W m−1 K−1) or silicon (κ = 148 W m−1 K−1). Recent publications by Ya-
mamoto et al. show an increased maximum current density for thin amorphous
films by switching from glass to silicon [32, 152, 153]. Similar indications for
the duty cycle have been given by Tessler et al. [157] investigating the current-
induced heating in a single layer polymer light emitting diode.
For thicker samples, however, the advantages of a highly conducting sub-
strate vanish. At 160 nm organic layer thickness τt is 32.5 ns, for devices with
200 nm organic material the dominant thermal time constant is 51 ns. Hence,
these devices do not reach thermal equilibrium within the single pulses. Highly
thermally conductive substrates then enable higher duty cycle due to the more
effective heat dissipation, but the maximum current density is mainly deter-
mined by the low thermal conductivity of the organic layer for excitation pulse
lengths below τt. This effect becomes even more dominant for full pin-OLEDs,
where most of the voltage drop and thus heat generation occurs across the
electrically undoped organic layers in the center of the device. Here, short
excitation pulses are crucial to reach high excitation densities.
Different p-dopants
Next, different p-dopants are compared to determine whether the dopant ma-
terial is limiting the maximum current density for the p-transport layer. Four
different samples comprising a 100 nm p-doped layer of MeO-TPD between two
metal electrodes are built. The doping concentrations are chosen to achieve
similar conductivity at low current density. The corresponding dopant concen-
trations are: 1.8 wt% for F4-TCNQ, 2 wt% for F6TCNNQ, 8 wt% for C60F36,
and 2 wt% for NDP9. NDP9 is a commercially available p-dopant from the
Novaled AG, its chemical structure cannot be disclosed here. The high dopant
concentration for C60F36 does not result from inefficient doping, but from the
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high molecular weight of the dopant. The samples are measured at an excita-
tion pulse length of 50 ns and a repetition rate of 1 kHz, the corresponding j-V
curves are presented in Figure 4.3.
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Figure 4.3: Comparison of different p-dopants in 100 nm MeO-TPD
on glass substrates, sandwiched between a 50 nm gold anode and a 70 nm
silver cathode. The samples are operated at 50 ns pulses with a repetition
rate of 1 kHz. NDP9 is a commercially available p-dopant from Novaled
AG. As the j-V curve is similar for all four dopants, the matrix material
MeO-TPD is limiting the maximum current density in these p-transport
layers.
The j-V curve is similar for all four dopants, the maximum current density is
independent of dopant type. Hence, the matrix material MeO-TPD is limiting
the maximum current density in these p-transport layers. Assuming thermal
steady state (Equation 4.2, fixed electrode temperatures), the temperature
increase in the organic layer for the highest current densities ranges between
107 K for the NDP9 sample and 126 K for the sample doped with F6TCNNQ.
The organic layer temperature at the sample break down, however, is even
higher, as the electrode temperature increases significantly. If the energy of
a single excitation pulse (5×10−3 J cm−2 in the maximum) is completely put
into the two thin electrodes, their temperature increases by more than 15K.
Nevertheless these samples exhibit a high stability if excited below the
maximum current density. A sample with 2 wt% F6TCNNQ, for example, was
operated at 4.2 kA cm−2 and increased duty cycle (50 ns, 10 kHz) for 13 hours
without a sign of degradation. The sample crystallized after additional 4 hours
at 5.4 kA cm−2 which is close to the absolute maximum of 5.6 kA cm−2.
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From Single Layers to the Organic LED
After measuring the j-V characteristics of a single n-transport layer, the device
thickness is increased up to a simple pin-OLED without blocking layers. The
structure of the OLED is given in Table 4.1, the results are summarized in
Figure 4.4. Due to limitations of measurement equipment, the pulse width
had to be increased to 150 ns for the pn-junction and the OLED samples.
Cs doped BPhen is used as electron transporting layer. A single 100 nm
thick layer of Bphen:Cs between two metal electrodes reaches similar current
densities as the material combinations shown for the p-side. The maximum
current density at 50 ns pulses is 6.2 kA cm−2 at 18.1 V. In thermal steady
state this corresponds to a temperature rise in the center of the organic layer of
131 K (using the material constants of Alq3). BPhen exhibits a glass transition
temperature of only 62 ◦C [158]. Even though the stability of Cs doped BPhen
layers is higher, a crystallization at this temperature rise can be expected.
Ag 70 nm
ETL BPhen:Cs 100 / 60 nm
EML Alq3 0 / 20 / 40 nm
HTL MeO-TPD:F6TCNNQ 100 / 60 nm, 2 wt%
Au 60 nm
Glass substrate
Table 4.1: Schematic representation of the layer stack for the mea-
surements given in Figure 4.4. The single p- and n-transport layers are
measured at a layer thickness of 100 nm. For the pn-junction and Alq3
OLEDs, the transport layer thickness is 60 nm.
When a 60 nm p- and n-transport layer are combined to a pn-junction, the
operation voltage of the device increases. Furthermore, the maximum current
density is reduced to only 1.2 kA cm−2 at 17.4 V (compared to 2.2 kA cm−2
for MeO-TPD excited at 200 ns and 1 kHz, Figure 4.1). Here, in contrast to
the single transport layers, the electrons and holes accumulate at the organic-
organic interface and recombine on one material. Consequently, most of the
Joule heat is generated within the small recombination zone close to the center
of the 120 nm organic layer, mainly by non-radiative recombination of the
excitons formed. Due to the low thermal conductivity of the organic layers,
the critical temperature is reached at lower current density compared to a
single organic layer. As the injection barrier for electrons from the BPhen to
the MeO-TPD is only 0.44 eV compared to 1.28 eV for holes in the opposite
direction, the recombination takes place on the MeO-TPD. This interpretation
is supported by a weak blue-green luminescence visible by eye at sufficiently
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Figure 4.4: j-V characteristics for single transport layers up to the full
organic LED. The corresponding layer stack is given in Table 4.1. The
single transport layers were measured at 50 ns excitation pulse width, the
remaining at 150 ns (1 kHz).
high excitation densities which is attributed to the MeO-TPD fluorescence
(S1 = 2.53 eV [120]), whereas fluorescence from the BPhen layer should not be
visible to the eye (S1 = 3.22 eV [120]).
Upon insertion of an Alq3 EML the operation voltage is increased even
more, while the maximum current density does not change significantly. An
OLED with 20 nm EML sustains 1.5 kA cm−2 at 20.8 V, the 40 nm sample
crystallizes at 1.0 kA cm−2 and 26.5 V. In these devices, the charge carrier re-
combination takes place at the HTL-EML interface as the electron mobility
of Alq3 is two orders of magnitude higher than the hole mobility. Here, the
injection barrier for holes into the EML is 0.7 eV, the electrons on the EML
encounter a barrier of 1.2 eV to the HTL. Hence, the exciton formation mostly
takes place on the EML. As the increase in driving voltage due to the injection
barrier for exciton formation is only 0.26 eV compared to the pn-junction, the
main part is therefore attributed to the voltage drop across the intrinsic Alq3
layer. The stability of the device benefits from the fact that Alq3 is an efficient
fluorescent emitter. By the radiative recombination of excitons on the EML,
the amount of heat generated in the recombination zone is reduced, compared
the mostly non-radiative recombination in the pn-junction. Furthermore, Alq3
with a glass transition temperature of 175 ◦C [159] exhibits a higher thermal
stability than MeO-TPD. Even though the sample consists of two metal elec-
trodes, green emission resulting from the Alq3 layer is visible by eye at high
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excitation densities. A detailed investigation of the emission properties will be
given in the following section.
4.1.2 Power Dependent Emission Spectra
To characterize the OLED emission properties, the devices are built on a trans-
parent ITO bottom contact in the following. Furthermore, thin blocking layers
are added to improve device performance. Two red emitter systems will be
compared: the singlet emitter DCM doped into Alq3 and the triplet emitter
Ir(MDQ)2(acac) in α-NPD. The transport and blocking layers are identical,
only the EML is exchanged. The device structure is shown in Table 4.2.
Al 100 nm
ETL BPhen:Cs 50 nm
HBL BPhen 10 nm
EML singlet Alq3:DCM 40 nm, 2 wt%
EML triplet α-NPD:Ir(MDQ)2(acac) 40 nm, 20 wt%
EBL α-NPD 10 nm
HTL MeO-TPD:F6TCNNQ 50 nm, 2 wt%
ITO 90 nm
Glass substrate
Table 4.2: Layout of the OLEDs investigated in the power dependent
and time-resolved measurements. The general structure of the of the sin-
glet and triplet emitter OLEDs is identical, only the EMLs are exchanged.
To explore the maximum possible current densities, the j-V characteristics
are measured up to destruction while simultaneously evaluating the emission
spectra (Figures 4.5 and 4.6). The devices are operated in pulsed mode at 50 ns
pulse width and a repetition rate of 1 kHz; emission spectra are integrated
over the 5 s of operation to acquire a large signal at the duty cycle of 5×10−5.
Similar to the single layers investigated in the previous section, the devices
are very stable for excitation densities below the absolute maximum. The
samples can be, for example, operated at 500 A cm−2 for several hours without
a sign of degradation in current and voltage curves or emission spectra. The
maximum current density is limited by a catastrophic device failure. The
emission intensity quickly drops, the organic layers crystallize, and the Al
top contact is destroyed, ending up in an open contact. Both devices exhibit
detectable emission only from the EML even at the highest excitation densities.
An increased emission from other layers within the device would result in an
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Figure 4.5: Power dependent emission spectra of an Alq3:DCM OLED.
The device is operated in pulsed mode, 50 ns pulse width and a repetition
rate of 1 kHz (duty cycle 5×10−5). The j-V characteristic is given in the
bottom left graph, the maximum current density is 783 A cm−2 at 43.7 V.
A reduced amount of emission spectra is shown in the top center graph,
the corresponding data points in the j-V curve are indicated by red open
squares. The integrated emission intensity vs. the peak input power in-
dicates a continuous increase of emission intensity with increasing input
power (bottom right graph).
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Figure 4.6: Power dependent emission spectra of an α-
NPD:Ir(MDQ)2(acac) OLED. The j-V characteristic of the device op-
erated at 50 ns pulse width is given in the bottom left graph, the maximum
current density is 971 A cm−2 at 54.7 V. The emission spectra correspond-
ing to the data points given in red open symbols are shown in top center
graph. The bottom right graph shows the integrated emission intensity vs.
the peak input power.
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additional peaks in the emission spectrum. This has not been observed within
the investigated spectral range (350-1040 nm).
For the singlet emitter system (Figure 4.5), the strong emission around
600 nm can be attributed to the DCM molecules doped into the Alq3. The
small blueshift of 10 nm with respect to the expected emission at 610 nm (Ta-
ble 3.3) is explained by a lower DCM concentration. The first few nm of the
EML (close to the HTL) of this specific sample exhibit a DCM concentra-
tion of only 1.5 wt% due to experimental problems. As described in Section
3.1, a reduced DCM concentration leads to a reduced redshift of the DCM
emission. At 50 ns excitation pulses, the sample sustains current densities up
to 783 A cm−2. The emission intensity continuously increases with increas-
ing input power. The integrated emission intensity vs. the peak input power
indicates no saturation, even at the highest excitation intensities. The main
increase in driving voltage compared to the samples shown in Figure 4.4, arises
from the blocking layers. The thickness of the electrically undoped layer is in-
creased from 40 nm to 60 nm, resulting in an increased voltage drop across the
organic layers. Furthermore, the electrodes have been exchanged by ITO and
Al, both slightly increasing the operation voltage.
Compared to the singlet emitter system, the triplet emitter system sustains
higher current densities of up to 971 A cm−2 at 54.7 V (Figure 4.6). The emis-
sion at 610 nm is attributed to the Ir(MDQ)2(acac) phosphorescence. The
emission intensity increases with increasing input power, in contrast to the
singlet emitter system, however, the onset of saturation is visible close to
the maximum intensity. The higher maximum current density yet cannot be
explained by a higher thermal stability of the α-NPD. The glass transition
temperature of α-NPD is only 95 ◦C compared to 175 ◦C for Alq3 [160]. In-
stead, the position of the recombination zone is the reason for the higher
stability of the triplet emitter system. In the Alq3:DCM OLED, the recom-
bination zone is situated close to the EBL and therefore close to the ITO
contact (κITO = 3.2 W m
−1 K−1, κSiO2 = 1.0 W m
−1 K−1 [161, 162]). In the
α-NPD:Ir(MDQ)2(acac) OLED, in contrast, the recombination takes place at
the HBL and is therefore located much closer to the thermally conductive Al
cathode (κAl = 237 W m
−1 K−1). As the excitation pulse length of 50 ns is
longer than the characteristic thermal time constant of the device, the triplet
emitter device benefits from the heat dissipation of the Al, compared to the
singlet emitter system.
The Effect of Blocking Layers
Even though the applied voltage is one order of magnitude higher than the
band gap of the materials employed, the blocking layers lead to a significant
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improvement of device efficiency. The comparison of devices with and without
blocking layers can be seen in Figure 4.7. To keep the outcoupling of the devices
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Figure 4.7: The effect of blocking layers for the singlet (upper row)
and triplet emitter OLEDs (lower row) is visualized here. The de-
vices without blocking layers exhibit the same overall thickness of 160 nm
(HTL(60)/EML(40)/ETL(60)), the blocking layers are replaced by trans-
port layers. The j-V characteristics are depicted in the left column, the
integrated emission intensity vs. input power in the right column.
similar, the devices without blocking layers are built with the same overall
thickness. The blocking layers are replaced by transport layers. Thereby,
however, the intrinsic layer thickness in the device is reduced. Hence, the
driving voltage is reduced in the devices without blocking layer. This effect is
more pronounced in the Alq3:DCM device, as the EBL introduces an additional
organic-organic interface. For the triplet emitter system, the HBL consists of
the same material as the matrix material of the EML, thus no additional
interface is created.
In both cases, the integrated emission intensity vs. the peak input power
indicates an increased efficiency for the devices with blocking layers. As the
charge carriers are well confined to the EML by injection barriers to the adja-
cent layers in all four devices, the increased efficiency is attributed to a reduced
exciton quenching at the interface to the doped charge transport layers. This
effect is larger for the triplet emitter system due to the exciton lifetime of
Ir(MDQ)2(acac) of 1.7 µs [163] compared to 1.1 ns for DCM [75]. The large
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lifetime leads to an increased probability of the excitons being quenched at the
interface to the ETL.
Furthermore, it is conspicuous that the integrated emission intensity is
higher for the triplet emitter system compared to the singlet emitter system
even at high excitation densities. However, due the strong TTA in triplet
emitter systems, a stronger efficiency roll-off is expected for the phosphorescent
device. Until now only measurements averaging over the on- and off-time
of the diodes have been presented. To make a clear statement about the
peak emission intensity and thus exciton density in the device, time-resolved
measurements are necessary.
4.2 Time-Resolved Measurements
The OLEDs presented in this work are operated using an extreme excitation
scheme. As seen in the previous section, very high current densities can be
reached using short excitation pulses and a low duty cycle. However, until now
only the spectral emission properties have been presented. In this section,
the time-resolved emission behavior of singlet and triplet emitter devices is
analyzed. Therefore, the spectrometer in the microscope setup is exchanged
by a fast Si photodiode, enabling the detection of the time-dependent emission
intensity.
4.2.1 Time-Resolved Emission
In the time-resolved emission measurements, excitation pulse lengths of 50, 100
and 150 ns are applied to the samples given in Table 4.2 (Page 69). The volt-
age, current density, and photodiode signal are recorded with an oscilloscope,
typical signal curves are shown in Figure 4.8.
The voltage pulse of the home-built pulse generator exhibits a rise time of
10 ns (10 % to 90 %). The current density continuously increases in the first
first 50 ns and then stays constant for longer pulses. This increase in current
density is attributed to the temperature rise and therefore mobility increase
of the organic layer. According to Equation 4.1, the dominant thermal time
constant of a 160 nm thick organic layer with constant voltage drop over the
layer is 32.5 ns. As the main voltage drop in these OLEDs takes place across
the intrinsic layers in the device center, the time to thermal steady state is
expected to be larger, and therefore nicely fits to the observed 50 ns. The slight
decrease in current density towards the end of the pulse in the lower graph
of Figure 4.8 matches the drop in voltage and is caused by limitations of the
pulse generator. Furthermore, the voltage applied across the organic layers is
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Figure 4.8: Typical time-resolved current, voltage, and emission sig-
nals of an Alq3:DCM OLED at 50 ns excitation pulse width (upper graph)
and an α-NPD:Ir(MDQ)2(acac) OLED excited with 150 ns pulses (lower
graph). The curve “Voltage” shows the voltage applied to the full sample
including the supply lines. The curve “ITO corrected” is corrected for the
current-dependent voltage drop across the ITO supply lines and therefore
gives the voltage applied to the organic layers.
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reduced with increasing current due to the increasing voltage drop across the
series resistance of the ITO supply lines.
The OLEDs exhibit a fast turn-on, an EL signal is detected after less than
10 ns for the singlet and triplet emitter system. Assuming the recombination
zone close to one of the blocking layers, the charge carriers responsible for the
initial EL signal have to originate from the doped transport layers, as will be-
come apparent. Charge carriers injected from the electrode have to overcome a
total of 100 nm to reach the recombination zone. In the singlet emitter system
this corresponds to the ETL, HBL, and EML, the recombination takes place at
the interface between EML and EBL. With the applied voltage and a constant
drift velocity this would require an electron mobility of 1 × 10−3 cm2 V−1 s−1.
This is, however, much higher than the typical mobility values for amorphous
organic materials. Alq3:DCM, for example, exhibits an electron mobility of
1 × 10−5 cm2 V−1 s−1 at a filed of less than 1 MV cm−1 [164]. By employing
the pin-concept, a high charge carrier concentration is available in the doped
transport layers next to the blocking layers. Hence, after applying the external
voltage, the charge carriers have to overcome a maximum of 50 nm to reach
the recombination zone (HBL and EML for the singlet emitter system). Fur-
thermore, the voltage drop across the charge transport layers can be neglected
at the low current densities in the beginning of the pulse. With the main
voltage drop across the intrinsic inner layers (60 nm) and a distance of 50 nm
to the recombination zone, an electron mobility of 2.0 × 10−4 cm2 V−1 s−1 is
required to obtain the observed turn-on delay times. At high fields of more
than 3 MV cm−1 this value is reasonable assuming a Poole-Frenkel type field-
dependence of the mobility. Thus, the fast turn-on of the OLEDs is supported
by the usage of doped charge transport layers.
The Triplet Emitter System
First, the results of the time-resolved EL measurements on the triplet emitter
system are discussed. Therefore, the α-NPD:Ir(MDQ)2(acac) OLED is op-
erated at different current densities well below the maximum determined in
Figure 4.6, at excitation pulse widths of 50, 100, and 150 ns. The results of
these measurements are summarized in Figure 4.9.
As the EL signal in these samples originates from the Ir(MDQ)2(acac)
phosphorescence, the emission intensity is a measure for the evolution of the
triplet exciton density on the emitter molecules. After the onset of the voltage
pulse, the EL intensity slowly increases up to the maximum for the applied
voltage. The maximum emission intensity increases with increasing current
density, indicating that a saturation of the emitter molecules is not reached
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Figure 4.9: Time-resolved EL measurements for an α-
NPD:Ir(MDQ)2(acac) OLED. The OLED is operated at different
current densities well below the absolute maximum and excitation pulse
widths of 50, 100, and 150 ns. The different excitation pulse widths are
indicated in the bottom left graph for the current density of 177 A cm−2.
The EL intensity continuously increases after the onset of the voltage
pulse up to the maximum for the applied voltage. This maximum is
reached after 120 ns, independent of the current density. Due to the long
triplet state lifetime, a slow turn-off of the device is observed after the
turn-off of the voltage. The bottom right graph shows the normalized
emission intensity at the different current densities and 50 ns excitation
pulse length. While the EL and thus the Ir(MDQ)2(acac) triplet exciton
density exhibits a mono-exponential decay at low excitation density
(10 A cm−2, black), a bi-exponential decay is observed at higher excitation
densities.
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for the current densities chosen here. A steady state emission intensity is
reached after 120 ns, independent of the applied voltage.
The long time needed to reach the maximum emission intensity compared
to the singlet emitter system (Figures 4.8 and 4.10) arises from the triplet
exciton lifetime of 1.7 µs. The triplet exciton density rises until an equilibrium
between exciton generation, annihilation, and radiative and non-radiative re-
combination is reached. In the absence of annihilation processes, this rise time
is expected to be in the µs range, similar to the exciton lifetime. As a rise time
of only 120 ns is observed in the experimental data, the maximum exciton
density must be limited by annihilation processes.
In phosphorescent emitter systems, the dominating annihilation process is
the TTA. This has been verified in several studies on Pt- and Ir-based emitter
systems [70, 165–168]. The contribution of TTA can be seen in the EL decay.
According to Baldo et al., the phosphorescent emission intensity L(t) following
an excitation pulse can be written as [166]:
L(t) =
L(t = 0)(
1 + 1
2
κTTT1τ
)
et/τ − 1
2
κTTT1τ
, (4.3)
with τ as the lifetime of the triplet excitons. Hence, a mono-exponential decay
of EL is expected in the absence of bi-molecular interactions. In that case,
the depopulation of the triplet excitons occurs via radiative and non-radiative
recombination. A deviation from the mono-exponential decay is attributed to
the quenching of triplet excitons by TTA. This annihilation can take place by
long-range Fo¨rster and short-range Dexter-type energy transfer.
In the experimental data shown in the bottom right graph of Figure 4.9, a
mono-exponential decay is observed for the lowest excitation density, 10 A cm−2
and 50 ns excitation pulse width. For 100 ns pulses of the same current den-
sity, TTA already becomes significant. At higher excitation densities, the EL
decay curve exhibits an increased curvature for small times, indicating a faster
deactivation of triplet excitons by TTA. Hence, the maximum emission inten-
sity observed in the α-NPD:Ir(MDQ)2(acac) OLEDs after 120 ns is determined
by TTA. In addition, the slow rise of emission intensity prevents the usage of
shorter pulses to enable higher current densities in the device. Thus, the triplet
emitter system is not suited to reach high peak emission intensities.
To quantify the peak emission intensity of the singlet emitter system, the
photodiode signal is recalculated to an absolute intensity. To do this, two as-
sumptions have to be made. First, the OLED is assumed to be a Lambertian
emitter. Hence, the fraction of the emitted light collected by the microscope
objective can be calculated. Second, the full intensity emitted into the ac-
ceptance angle of the objective given by its numerical aperture is assumed to
be collected and detected by the photodiode. While the first assumption is
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realistic for a standard bottom emitting OLED structure, the second one leads
to an underestimation of the actual emission intensity. As the glass substrate
was slightly too thick to bring the OLED perfectly into the focus of the objec-
tive used, the light collected is less than the maximum given by the objectives
aperture. Furthermore, the microscope setup adds several lenses to the optical
path, each of them reducing the measured intensity by a partial reflection on
their surface. The recalculated value is therefore a lower limit for the emis-
sion intensity of the device. At a current density of 369 A cm−2, the peak
emission intensity of the phosphorescent OLED corresponds to a luminance of
1.98× 105 cd m−2.
The Singlet Emitter System
The singlet emitter systems, in contrast, exhibits a fast turn-on and turn-off
of the EL due to the short DCM singlet exciton lifetime of about 1 ns (Figure
4.10). As the emission originates from the DCM singlets, its intensity relates
to the singlet exciton density within the EML. The emission intensity rises
up to the maximum for the applied voltage within few ns after the onset
of the current. A voltage-dependent turn-on delay for the onset of the EL
ranging from 20 ns for 10 A cm−2 down to 5 ns for the highest current densities
is observed. Furthermore, the device exhibits a strong turn-on EL overshoot
at high current densities. While the amplitude of this overshoot increases
with increasing current density, its width narrows and the time to reach a
steady state decreases. At a current density of 458 A cm−2, a steady state EL
is reached after only 60 ns. Finally, a slowly decaying weak EL signal after
device turn-off is observed which can be attributed to delayed fluorescence
from TTA.
An identical OLED with pure Alq3 as EML operated at similar current
densities is shown in the bottom right graph of Figure 4.10 for comparison.
The Alq3 OLED exhibits a comparably fast turn-on and turn-off, however, this
device does not feature an overshoot in emission.
From the EL turn-on delay, the charge carrier mobility is calculated as
described in the beginning of this section. The electron mobility in the in-
trinsic layers of the device increases with the applied field from (1.6 ± 1) ×
10−4 cm2 V−1 s−1 at 2.0 MV cm−1 and a current density of 10 A cm−2 to (2.2±
1)×10−4 cm2 V−1 s−1 for the highest current density and a field of 3.7 MV cm−1.
The fast rise of the EL intensity in the Alq3 and the Alq3:DCM OLEDs fits to
the short singlet exciton lifetimes – an equilibrium between exciton generation
and recombination is reached on the same time scale. The fluorescent emitters
are therefore ideal candidates to reach high peak emission intensities. At a
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Figure 4.10: Time-resolved EL measurements for an Alq3:DCM OLED
at different current densities up to 458 A cm−2. The chosen excitation
pulse lengths of 50, 100, and 150 ns are indicated in the bottom left graph
for the highest current density. The EL strongly increases after the onset
of the current up the maximum intensity within few ns. Thereafter, the
emission intensity slowly decreases to a steady state intensity of half the
peak intensity. The time to reach the maximum intensity and the sub-
sequent steady state decreases with increasing current density, the steady
state is reached after 60 ns for the highest current density. The time-
resolved EL of an Alq3 OLED at similar current densities (bottom right
graph) does not show a turn-on EL overshoot. The layer stack of the Alq3
OLED is identical to the Alq3:DCM OLED, except for the dopant in the
EML. The EL overshoot is therefore attributed to the DCM emitter in the
Alq3:DCM OLED.
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current density of 550 A cm−2, the peak emission intensity of the fluorescent
OLED corresponds to a luminance of 1.52× 106 cd m−2.
In comparison to the time-resolved EL measurements for the triplet emit-
ter system, the higher emission intensity of the phosphorescent emitter system
extracted from the emission spectra in the previous section can be explained.
The emission spectra were integrated over 5 s of operation. Here, the phos-
phorescent emitter yields a higher intensity due to the long EL decay recorded
between the excitation pulses. In terms of peak emission intensity at 150 ns
pulse width, however, the Alq3:DCM OLED achieves eight times higher peak
intensity at a comparable current density (369 and 362 A cm−2).
Assuming a linear dependence of the emission intensity to the singlet exci-
ton density in the EML of the device, an estimation of the exciton density can
be made. The peak emission intensity measured at 550 A cm−2 corresponds to
a photon flux Φp = 6.11× 1014 s−1. In an optically flat OLED stack, however,
only a fraction of the light generated internally is coupled out. According to
numerical simulations taking into account the different refractive indices of the
layers involved and assuming negligible absorption, a highly reflective anode,
and a perfect optimization of the microcavity for constructive interference, the
extraction efficiency can reach 20% [169–171]. Hence, the amount of photons
generated in the EML is at least 5 times higher than the one coupled out
through the glass substrate. With the DCM mean lifetime τ being the time at
which the singlet population is reduced to 1/e, the half lifetime of the DCM
molecules is given by t1/2 = τ · ln(2). Hence, the amount of singlet excitons
present in the EML at the point of maximum intensity can be estimated by
nS = Φp · τ · ln(2). Assuming the excitons to be homogeneously distributed in
the EML (d = 40 nm), the estimated triplet exciton density is 5.8× 1015 cm−3.
Yet, the recombination zone is expected to be confined to the region close to
the EBL due to the low hole mobility of the Alq3, rather than homogeneous
over the EML. With a reasonable width of the recombination zone of 10 to
20 nm, the exciton density increases by a factor of 2-4. At the highest cur-
rent density shown in Figure 4.10, 458 A cm−2, the singlet exciton density is
estimated to be 5.5× 1015 cm−3.
The Transient Turn-on Electroluminescence Overshoot
The most dominant feature in the Alq3:DCM emission is the strong overshoot
after the device turn-on. In the following, this behavior will be discussed in
detail. After presenting an explanation for this effect, the different explanatory
approaches of similar effects in literature are presented. Finally, the interpre-
tation is substantiated by several additional measurements in the following
sections.
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First of all, the effect of field-induced exciton dissociation can be ruled out
as cause for the turn-on overshoot. One might argue that the rise time of the
voltage pulse leads to a slowly increasing electric field across the EML, enabling
a higher emission intensity due to reduced field quenching in the beginning of
the optical pulse. However, if the rise time of the voltage pulse was the cause
for the EL overshoot, then the same effect should be observed for the undoped
Alq3 OLED. The overshoot in the undoped OLED should be even stronger, as
field quenching is less effective for DCM doped into Alq3, compared to pure
Alq3 (Chapter 2.3.2, [81]). The behavior of the undoped Alq3 OLED in the
bottom right graph of Figure 4.10 therefore proves that field quenching does
not effect the dynamics of the EL on the time scale observed. It is however
expected to reduce the absolute emission intensity at the applied fields of more
than 6 MV cm−2.
Moreover, though both devices exhibit the same electrical properties, the
overshoot is only observed in the device with doped EML. Consequently, the
EL overshoot is not caused by the transient shape of the space charge limited
currents. Furthermore, the small reduction of the voltage across the organic
layers due to an increased voltage drop across the ITO supply lines with in-
creasing current during the first 50 ns (Figure 4.8) can be excluded as cause
for the overshoot in the Alq3:DCM OLED. Here too, a turn-on EL overshoot
would be observed in the undoped Alq3 OLED.
As indicated above, the fast rise of the DCM emission up to the maxi-
mum for the applied voltage is explained by the short singlet exciton lifetime.
The subsequent gradual decrease of the emission intensity is attributed to an
increasing singlet exciton quenching. Hereby, the quenching states exhibit a
longer lifetime, and thus a longer accumulation time up to their maximum
population. Moreover, these quenching states must be either nonexistent or
non-effective in the pure Alq3 OLED. As the Alq3 triplet states perfectly match
these requirements, the turn-on EL overshoot in Alq3:DCM OLEDs is at-
tributed to the annihilation of DCM singlet excitons by Alq3 triplet excitons
(STA). In thin films, Alq3 has been reported to exhibit a maximum of triplet
absorption around 600 nm with an additional shoulder at 700 nm [74]. In a
pure Alq3 OLED, the spectral overlap of the singlet emission around 540 nm
with the triplet absorption is small. In the Alq3:DCM device, however, the sin-
glet emission of the DCM molecules at 610 nm exhibits a strong overlap with
the Alq3 triplet absorption. As STA takes place via long-range Fo¨rster energy
transfer, its rate coefficient depends on this spectral overlap of the fluorescence
of the donor with the triplet-triplet absorption band of the acceptor molecule.
The Alq3 triplet excitons therefore lead to an efficient non-radiative depopu-
lation of the DCM singlet exciton in the doped OLED. Yet in the undoped
OLED, they do not affect the fluorescence of the Alq3. This explanation is
supported by additional measurements in the following sections.
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Turn-On EL Overshoot in Literature
A similar EL turn-on overshoot in small molecule OLEDs was reported pre-
viously with different explanations for this effect. These are summarized in
the following. In 2003, Ruhstaller et al. presented the simulation of electronic
and optical processes in multilayer OLEDs [171]. Hereby, the fluorescent blue
Spiro-DPVBi1 OLED investigated exhibits a transient turn-on overshoot. If a
LiF/Al bilayer cathode is used, the electroluminescence overshoots the steady-
state value by a factor of three. At the low applied voltage (5 V) and current
densities in the range of a few tens mA cm−2 (absolute values are not given in
the publication), the steady state is reached after 120 µs. The authors explain
the observed EL overshoot by a charge carrier imbalance at the device turn-on.
Spiro-DPVBi as EML is bipolar and exhibits equal hole and electron mobility.
Due to the two orders of magnitude higher hole mobility of the HTL, holes
accumulate at the EML/ETL interface after turn-on. When the electrons ar-
rive at the interface, they quickly form excitons and recombine radiatively. In
the steady state, the recombination then mainly takes place at the HTL/EML
interface and is limited by the hole injection. The simulation given to sub-
stantiate this explanation, however, only explains an effect happening in less
than 1 µs after EL turn-on, and with an overshoot intensity of only factor 1.2
compared to the steady state.
In 2004, Ma et al. published time-resolved transient EL measurements of
the emission from DCM-doped Alq3 layers [172]. The samples investigated
are simple two-layer OLEDs consisting of α-NPD and Alq3 doped by differ-
ent concentrations of DCM. The operation current densities are not stated in
the publication. However, according to the applied voltages and the device
structure, an operation well below 1 A cm−2 can be assumed. The device is
operated in pulse mode at a pulse width of 5 µs and varying duty cycle. The
authors observe an overshoot in EL for the DCM emission in the doped de-
vices, no EL overshoot is observed in the undoped devices. The EL overshoot
is attributed to pre-trapped electrons on the DCM molecules in the idle state.
These trapped electrons are to recombine with the holes accumulating at the
α-NPD/Alq3 interface after the device turn-on. An accumulation of holes is
explained by the higher hole mobility in α-NPD compared to the electron mo-
bility in the Alq3 layer. The origin of this considerable amount of pre-trapped
electrons is, however, not given in the publication.
Only recently, in 2010, Zhang et al. presented the observation of EL tran-
sient turn-on peaks in fluorescent organic light emitting diodes with a host-
guest system as emission layer [75]. The two different emitter systems investi-
gated are Alq3 doped by DCM and ADN
2 doped by the blue fluorescent emitter
1Spiro-DPVBi: 2,2′,7,7′-tetrakis(2,2-diphenylvinyl)spiro-9,9′-bifluorene
2ADN: 9,10-di(naphth-2-yl)anthracene
84 4 Experimental Results
TBP3. These devices are operated with rectangular voltage pulses at elevated
current densities of up to 1 A cm−2, a repetition rate of 5 Hz, and a pulse width
of 100 µs. After turn-on, an EL overshoot in the range of a few µs with more
than twice the brightness of the steady state EL is observed. Similar to the
interpretation given earlier in this work, the authors attribute the EL drop
after the peak emission intensity to STA. The recovery of the overshoot inten-
sity following a double voltage pulse sequence is explained in terms of triplet
population relaxation on the host material through triplet-triplet annihilation.
4.2.2 Proof of Singlet Quenching
To prove that the EL overshoot observed in the fluorescent system is caused
by the quenching of singlet excitons in the steady state rather than by an
increased emission in the beginning of the pulse, streak camera measurements
are performed. By using a combination of electrical excitation and optical
probe, singlet exciton quenching can be probed selectively. Therefore, a blue
diode laser is focused to the electrically active device area. The wavelength
of the laser (405 nm) matches the absorption spectrum of the Alq3 molecules
and thus efficiently generates singlet excitons in the host material. These are
quickly transferred to the guest molecules, resulting in PL from the DCM
molecules. Hence, singlet exciton quenching can be probed by comparing the
DCM PL before and after an electrical pulse. The results of the streak camera
experiments are summarized in Figure 4.11.
The measurements are performed at a repetition rate of 1 kHz. At the re-
sulting period of 1 ms, the quenching states are assumed to decay completely
between two electrical excitations. A first 280 ns laser pulse therefore gives the
PL intensity in the absence of quenching states. The tail of this optical excita-
tion appears in the top of the streak camera images (Figure 4.11(a)-(c)). The
emission exhibits a maximum at 607 nm which can be attributed to the DCM
emission. After a short delay necessary to separate the different features in the
streak camera image, a 150 ns voltage pulse with different amplitudes is applied
to the sample. This electrical excitation leads to EL from the DCM molecules.
Hereby, the intensity distribution seen in the photodiode measurements in the
previous chapter can be observed. After a quick rise to the maximum intensity,
the EL decays towards the end of the pulse. At the same time, the quenching
states are occupied. Finally, a second laser pulse (280 ns) again generates only
singlet states in the EML. These optically excited singlet excitons probe the
presence of quenching states.
In Figure 4.11(d), the line cuts of the first and second PL pulse normalized
to the intensity of the first pulse are plotted. While the PL intensity of the
3TBP: 2,5,8,11-tetra-tert-butylperylene
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Figure 4.11: Streak camera measurements combining electrical excita-
tion (150 ns pulse) with an optical probe. The current density within the
EL pulse is varied ((a) no EL, (b) 12 A cm−2, (c) 75 A cm−2) while the op-
tical pump intensity is kept constant. The line cuts at the times indicated
by red boxes in (a)-(c) are shown in graph (d). Here, the PL intensity
is normalized to the intensity of the first optical pulse. The PL intensity
is significantly reduced after an electrical excitation due to singlet exciton
quenching.
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second pulse is unchanged when the electrical excitation is absent, its intensity
strongly decreases with increasing current density during the electrical exci-
tation. This directly proves that singlet annihilation can explain the reduced
steady state intensity.
4.2.3 Spectral Evolution of the Electroluminescence
In addition to the proof of singlet exciton quenching, the streak camera mea-
surements offer access to the spectral evolution of the EL pulse. For this
purpose, shorter EL pulses at elevated current densities are investigated in
detail. The results are shown in Figure 4.12. Here, a time windows of 100 ns
is recorded, the OLED is operated with 100 ns pulses at a repetition rate of
1 kHz.
The EL intensity distribution in Figure 4.12 exhibits the expected over-
shoot behavior. After a rapid rise to the maximum emission intensity, the
EL intensity slowly drops to the steady state. Furthermore, a blue-shift of the
emission during the decay to the steady state is observed. The long wavelength
shoulder of the emission is quenched while the short wavelength shoulder does
not change significantly. The plot of the normalized EL intensity at the begin-
ning and end of the pulses shown in Figure 4.12(c) elucidates this blue-shift
of a few nm. Compared to the measurements in Section 4.2.1, the turn-on
overshoot is less narrow in time. This results from limitations of the measure-
ment setup. Due to the jitter of the pulse generators and the long integration
times of up to 5 minutes used, the turn-on is less defined in the streak camera
images.
In the logarithmic plot of the EL in Figure 4.12(d), the spectral evolution
of the EL becomes apparent. While the fluorescence is efficiently quenched for
wavelengths above 550 nm, the emission intensity increases towards the end
of the pulse for shorter wavelengths. This increase of emission intensity is
attributed to an increasing Alq3 EL at elevated current densities.
By calculating the relative change of emission intensity (−∆I/I), the spec-
tral change of emission due to quenching can be extracted. Following the
interpretation given in the previous section, the quenching takes place via an-
nihilation of DCM singlet excitons by Alq3 triplet excitons. As this process
is determined by the triplet absorption of the quenching species, the relative
change of emission intensity reveals the triplet absorption spectrum of Alq3.
Hence, the triplet absorption spectrum from reference [74] is added to the
results given in Figure 4.13.
The relative intensity change derived from the PL before and after an
electrical excitation is shown in the upper graph. Here, the spectral change
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Figure 4.12: The time-resolved evolution of the electroluminescence
in Alq3:DCM OLEDs at elevated current densities is depicted here. The
streak camera images represent a time window of 100 ns in the vertical
direction. The devices are operated with 100 ns pulses, a repetition rate
of 1 kHz, and a current density of (a) 158 A cm−2 and (b) 548 A cm−2.
The red boxes indicate the areas chosen for the line cuts in the two lower
graphs. The colors in graph (c) and (d) are equal, the legend is given in
(d). In (a) and (b), the EL intensity evolution seen in the photodiode
measurements in the previous chapter are visible. Furthermore a blue-
shift of the emission during the EL pulse is observed. The plot of the
normalized EL intensity in (c) elucidates this blue-shift of a few nm. (d) A
logarithmic plot of the EL intensity illustrates the fluorescence quenching
above 550 nm, while the intensity below 550 nm slightly increases towards
the end of the pulse.
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Figure 4.13: The relative change of emission intensity (−∆I/I) re-
veals the triplet absorption spectrum of the quenching Alq3 triplet states.
For the PL intensity change, the line cuts given in Figure 4.11 are used.
(−∆EL/EL) is derived from line cuts at the beginning and end of the EL
in Figure 4.11 and 4.12. In the upper graph, the triplet absorption spec-
trum of an Alq3 thin film from reference [74] is added for comparison. The
PL quenching after an electrical excitation thereby matches the triplet ab-
sorption spectrum. The EL quenching depicted in the lower graph exhibits
a negative contribution for wavelengths below 550 nm which is attributed
to an increasing Alq3 EL at elevated current densities.
4.2 Time-Resolved Measurements 89
matches the triplet absorption spectrum of Alq3. The EL quenching depicted
in the lower graph exhibits an increasing negative contribution for wavelengths
below 550 nm. As this contribution increases with increasing current density,
it is attributed to the fluorescence of the Alq3 host. Consequently, these results
indicate that the quenching indeed takes place via STA. Further properties of
the quenching states will be revealed in the following section.
4.2.4 Double Pulse Experiments – Quenching States
Lifetime
After having attributed the turn-on EL overshoot in the DCM-doped OLED
to the quenching of singlet excitons, the life time of these quenching states
is investigated in this section. As observed in Figure 4.10, the effect of the
quenching states on the singlet density increases slowly after turn-on of the
device until the steady state is reached. In other words, the turn-on overshoot
proves the absence of quenching states at the beginning of the pulse. Hence, the
quenching states lifetime can be revealed by a simple pump-probe measurement
using only the fast photodiode as detector. Hereby, pump and probe pulse are
electrical excitations and the device is operated by double pulses with varying
delay. While the first voltage pulse fills the quenching states, the turn-on
behavior of the second pulse probes their residual occupation. The turn-on
overshoot therefore vanishes for a delay of less than 1 µs and gradually recovers
with increasing double pulse delay. This effect can be observed in Figure 4.14.
In Figure 4.15, the double pulse recovery of an OLED operated at 490 A cm−2
and 50 ns pulse width is depicted. The repetition rate is reduced to 100 Hz in
order to fully depopulate the quenching states between the double pulses. The
left graph shows a reduced amount EL curves of the second pulse at different
delay, the green curve gives the EL of the first pulse. While the general shape
of the EL signal does not change, the turn-on overshoot slowly increases with
increasing double pulse delay. After 1 ms delay, the peak intensity of the sec-
ond pulse is still 4.5 % lower than in the first one. Hence, a recovery time of
more than 1 ms is required for the quenching states to be fully depopulated.
Thus, for maximum peak emission intensity, the devices have to be operated
at repetition rates below 1 kHz.
In the right graph of Figure 4.15, the recovery of the turn-on overshoot is
illustrated. For this purpose, the values for the intensity of the overshoot of the
second pulse are measured for different double pulse delay and normalized to
the intensity of the overshoot of the first pulse. After subtracting the intensity
of the first pulse overshoot, these values are plotted vs. the double pulse delay
time (unity-norm. overshoot vs. delay). Hence, this graph depicts the decay
of the quenching states population. According to the interpretation given in
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Figure 4.14: Double pulse recovery of an Alq3:DCM OLED operated
with 100 ns pulses at 75 A cm−2 and varying double pulse delay. The turn-
on overshoot of the second pulse probes the residual quenching state pop-
ulation and increases with increasing delay.
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Figure 4.15: A double pulse with a width of 50 ns and varying double
pulse delay is applied to the sample (j=490 A cm−2). The EL signal of
the second pulse depicted in the left graph shows the increasing turn-on
overshoot with increasing double pulse delay. The right side gives a plot of
unity-normalized intensity of the turn-on EL overshoot of the second pulse
(normalized to the overshoot intensity of the first pulse) vs. the double
pulse delay.
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Section 4.2.1 the quenching takes place via STA, thus the quenching state
decay depicted in Figure 4.15 directly relates to the triplet exciton decay in
the EML. Indeed, the lifetime of the quenching states around 1 ms matches
the expected lifetime of Alq3 triplet states in Alq3:DCM [173]. Nevertheless, a
simple fit of the decay using TTA according to Equation 4.3 is not possible. At
the excitation densities and thus triplet densities investigated here, the TTA
rate coefficient κTT of the host guest system Alq3:DCM becomes triplet density
dependent. The origin of this effect will be discussed in detail in Section 4.3.
Therefore, a fit of the triplet decay using a fixed TTA rate coefficient cannot
explain the fast decay for low double pulse delay with reasonable triplet state
lifetime.
4.2.5 Exclusion of Trapped Charges
Besides triplet excitons, trapped charges can exhibit a retention time in the
device in the range of a few ms after the device turn-off. An injection-induced
change of the space charge and field distribution across the sample would
affect the PL by means of polaron quenching. Hence, trapped charges might
also explain the quenching of PL after an electrical excitation as well as the
recovery of the overshoot as observed in the previous section. However, the
spectral evolution of the EL and the resulting spectral distribution of the
quenching depicted in Figure 4.13 cannot be explained by polaron quenching.
Nevertheless, the contribution of trapped charges and the resulting internal
field distribution is investigated in this section to finally attribute the turn-on
overshoot to STA. For this purpose, a negative bias voltage is applied to the
sample between the positive pulses. With this additional field applied, trapped
charges are extracted from the device. In combination with the double pulse
experiments, the nature of the quenching states can be revealed.
To conduct these measurements, the samples have to be driven by the HP
pulse generator directly, as the fast switch does not have the ability to super-
impose a negative bias voltage. In order to achieve the high voltages necessary,
the pulse generator has to be operated close to its maximum output range in
high impedance mode. Furthermore the supply cable has to be unterminated,
the 50 Ω resistor parallel to sample and shunt has to be removed. Therefore, a
significant contribution of the regulation of pulse generator is observed in the
measurements.
First, the negative bias is applied to samples operated with single pulses
of 50 ns length at a repetition rate of 100 Hz. The results for an OLED op-
erated at 200 A cm−2 and 532 A cm−2 are shown in Figure 4.16. Assuming
a homogeneous voltage drop across the full organic stack, the negative bias
voltages applied correspond to fields of 0.7, 1.3, and 2.0 MV cm−1. An opera-
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Figure 4.16: Alq3:DCM OLED operated with 50 ns pulses at 100 Hz rep-
etition rate and additional negative bias voltage applied between the pulses
to extract trapped charges from the device. The EL signal is given in the
left column, the current density in the right column. The top row shows
the results of an OLED operated at 200 A cm−2, the bottom one is operated
at 532 A cm−2. Assuming a homogeneous voltage drop across the sample,
the bias voltages correspond to fields of 0.7, 1.3, and 2.0 MV cm−1. The
turn-on delay increases with increasing negative bias, while the intensity
of the EL overshoot does not change significantly. Due to limitations of
the pulse generator these measurements are performed in high impedance
mode. The wiggles appearing in the current density versus time plots and
the corresponding oscillations in the EL signal, in particular the minima
in current at 8, 17, 30, and 54 ns stem from oscillations on the untermi-
nated supply cable.
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tion at a negative bias of −31.3 V is close to the absolute maximum, a field of
2.2 MV cm−1 corresponding to −34.7 V bias leads to a breakdown of the device.
With increasing negative field, the EL turn-on delay increases whereby the EL
pulse becomes shorter, even though the length of the voltage and current pulse
stays the same. The general shape of the transient EL signals, however, does
not change. At both current densities the turn-on overshoot remains and is
not significantly changed in amplitude.
The increased turn-on delay proves the formation of a depletion layer in
the device. In the case without bias, the electrically undoped layers in the de-
vice center (EBL, EML, HBL) contain a very low concentration of free charge
carriers, while the charge transport layers exhibit a high charge carrier concen-
tration due to doping. After the onset of the current, only the intrinsic layers
have to be overcome until the recombination takes place. As the recombination
zone is situated close to the EBL in Alq3:DCM OLEDs, the distance dominat-
ing the turn-on delay is the thickness of HBL and EML (50 nm). Due to the
additional negative bias, charges are withdrawn from the center of the device
and a depletion layer evolves around the intrinsic layers. Therefore, the charge
transit time increases with increasing amplitude of the negative field applied,
resulting in an increased turn-on delay. By going from the operation without
bias to the maximum field of 2.0 MV cm−1, the turn-on delay increases by a
factor of 1.6. Assuming a constant charge carrier mobility, this corresponds to
an increase of the dominant distance from 50 nm to 80 nm. Thus, for the case
of a symmetric depletion layer, the inner 30 nm of both transport layers are
depleted at a negative field of 2.0 MV cm−1.
The small change in overshoot intensity is correlated to the change in cur-
rent density after turn-on. As seen in the two current density versus time
plots in Figure 4.16, the measurement exhibits distinct features coming from
the regulation of the pulse generator. In particular the minima in current
at 8, 17, 30, and 54 ns stem from limitations of the pulse generator and lead
to corresponding oscillations in the EL signal. The initial rise of the voltage
and current, however, determine the intensity of the turn-on EL overshoot.
This was verified in independent measurements with a provoked overshoot in
current density and no negative bias. At 200 A cm−2 the initial rise of the
current density strongly increases with increasing negative bias. Hence, the
increase of the overshoot intensity with increasing bias voltage is attributed to
the increased current after turn-on. When operated at 532 A cm−2, the pulse
generator reaches its absolute maximum at a bias voltage of −21.7 V, the full
100 V output are necessary here. In this case, the current in the first plateau
decreases with increasing negative bias, resulting in a decreasing EL overshoot
intensity. Hence, the turn-on EL overshoot does not change with an applied
negative bias. A contribution of pre-trapped charges in the idle state of the
device to the EL overshoot as supposed in [172] can therefore be excluded.
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Next, the negative bias is employed in double pulse measurements to in-
vestigate the contribution of trapped charges to the PL quenching observed
in the streak camera measurements. The results for an OLED operated at a
current density of 223 and 532 A cm−2, 50 ns pulses and a repetition rate of
100 Hz are shown in Figure 4.17. A negative bias voltage corresponding to a
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Figure 4.17: Turn-on of an Alq3:DCM OLED operated with double
pulses at 223 A cm−2 (upper graph) and 532 A cm−2 (lower graph), 50 ns
pulse length and 100 Hz repetition rate. The negative bias corresponds to
a field of 0.7 and 1.3 MV cm−1. The turn-on delay of the first and second
pulse increases with increasing negative bias, while the intensity of the EL
overshoot and thus the lifetime of the quenching states does not change.
field of up to 1.3 MV cm−1 is applied between the pulses. The delayed second
pulse thereby behaves identical the to first one. While the EL turn-on delay
increases with increasing bias voltage, the intensity of the turn-on overshoot
does not change with the bias voltage.
As the increase in turn-on delay is identical for the first and the delayed
second pulse, a significant contribution of trapped charges to the current in
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the second pulse can be excluded. Furthermore, the unchanged intensity of
the EL overshoot proves that the singlet exciton quenching observed in the
streak camera measurements does not result from trapped charges. As trapped
charges would be extracted from the sample at the high negative bias, the EL
overshoot should increase with the negative bias voltage in this case. Since the
recovery time of the EL overshoot does not change with the additional field,
the quenching states have to be neutral.
4.2.6 Summary of the Time-Resolved Experiments
In summary, the time-resolved EL of the singlet emitter system Alq3:DCM
and the triplet emitter system α-NPD:Ir(MDQ)2(acac) has been investigated
on the nanosecond scale in this section.
The triplet emitter system exhibits a slow rise of the EL after turn-on, the
maximum emission intensity reached after 120 ns is limited by TTA. The slow
rise of emission intensity prevents the usage of shorter pulses to enable higher
current densities in the device. Thus, the triplet emitter system is not suited
to reach high peak emission intensities.
The singlet emitter system, in contrast, exhibits a fast turn-on of the EL
and reaches a maximum emission intensity within less than 20 ns. Furthermore,
the EL exhibits a strong turn-on overshoot at high excitation densities. The
reduction of the EL intensity after the overshoot is attributed to STA by Alq3
triplet excitons. These measurements therefore demonstrate the separation of
singlet emission and triplet quenching in the time domain. This explanation
is supported by several additional measurements. The comparison with elec-
trically similar OLEDs equipped with an undoped Alq3 EML allows for the
exclusion of the transient shape of the current or field quenching as cause for
the turn-on overshoot. By streak camera measurements combining electrical
excitation and optical probe, the reduction of the EL intensity is attributed to
singlet exciton quenching. Moreover, the spectral change of emission due to
quenching fits the triplet absorption spectrum of Alq3 and therefore indicates
STA as quenching process. From double pulse experiments, a quenching states
lifetime is extracted which matches the Alq3 triplet exciton lifetime. Finally,
trapped charges are excluded as cause for the EL turn-on overshoot and the
singlet exciton quenching by an additional negative bias in the electrical mea-
surements. Due to the short rise time of the EL, the singlet emitter system is
well-suited to achieve high emission intensities. The peak intensity is thereby
mainly determined by the rise time of the voltage pulse.
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4.3 Modeling the Time-Resolved Emission
In this section, the interpretation of the experimental data obtained for the
Alq3:DCM OLED is validated by modeling the time-resolved emission. As-
suming the emission intensity to be linearly proportional to the singlet exci-
ton density, the measurement data reflect the evolution of the singlet exciton
density in the device. Hence, the time-resolved emission data should be ex-
plainable with the set of rate equations presented in Section 2.5. The three
equations are repeated here for convenience:
dn
dt
=
j(t)
ed
− κLn2, with κL = e (µe + µh)
0r
, (4.4)
dS1
dt
=
1
4
κLn
2 − κSS1 − κSSS21 − κSTS1T1 − 2κSPnS1 (4.5)
− κISCS1 + 1
4
κTTT
2
1 ,
dT1
dt
=
3
4
κLn
2 − κTT1 − 5
4
κTTT
2
1 − 2κTPnT1 + κISCS1. (4.6)
Before fitting the experimental data, however, the expected turn-on behav-
ior of an Alq3:DCM OLED obtained from this set of coupled nonlinear rate
equations is discussed.
The Expected Turn-On Behavior
The necessary rate coefficients are taken from literature. In this case, it is
advantageous that the material system has been studied extensively in the
past. Except for κSP , the full set of rate coefficients has been published for
DCM doped into Alq3. A summary of the rate coefficients is given in Table
4.3. The value for the SPA rate coefficient had to be taken from the material
combination CBP:DCM due to the lack of data for the system Alq3:DCM. In
both systems, the polaron is assumed to be located on the DCM guest molecule
due the lower band gap. Furthermore, the singlet exciton is also expected to
be located on the DCM due to Fo¨rster resonance energy transfer from the
Alq3. Therefore, the two systems should exhibit similar SPA rate coefficients.
However, the host materials could lead to a different dielectric surrounding of
the guest molecules justifying a different κSP .
With this set of coefficients, the singlet and triplet population dynamics
for a 40 nm layer of Alq3:DCM are modeled (Figure 4.18). The dynamics are
calculated for a current density of j(t > 0) = 1000 A cm−2, hence assuming a
current step at t = 0. As the model neglects the charge transient in the device,
the population of singlet and triplet states immediately sets in. Since the
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Figure 4.18: Singlet and triplet population dynamics for 40 nm
Alq3:DCM at a current density of 1 kA cm
−2. The literature values for
the rate coefficients are summarized in Table 4.3. (a) The electron mo-
bility in the emission layer is set to µe = 1×10−5cm2 V−1 s−1 as given
in literature. (b) Relative contributions to the depopulation of the excited
singlet states normalized to the sum of all negative contributions in Equa-
tion 4.5. Additionally, the singlet, triplet and polaron density from (a) is
added. κSSS
2
1 is not visible in the graph as its contribution is less than
10−5.
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Coefficient Value Reference
κS 9.1×108 s−1 [75]
κSS 3.5×10−12 cm3 s−1 [174]
κST 1.9×10−10 cm3 s−1 [38, 75]
κISC
a 1.5×108 s−1 [38]
κT
b 6.5×102 s−1 [173]
κTT 2.2×10−15 cm3 s−1 [75, 173]
κTP 2.8×10−13 cm3 s−1 [75]
κSP (CBP:DCM) 3.0×10−10 cm3 s−1 [40]
κTT (Alq3) 2.2×10−12 cm3 s−1 [173]
aκISC = ΦT /τS , ΦT = 0.15.
bκT = 1/τT , τT = 1.55 ms.
Table 4.3: Literature values for the system Alq3:DCM. The value for
κSP is given for CBP:DCM, additionally κTT for pristine Alq3 is listed.
electron mobility within Alq3 is two orders of magnitude larger than the hole
mobility, the hole mobility is neglected in κL in Equation (4.4). Figure 4.18(a)
shows the singlet and triplet population dynamics for an electron mobility of
µe = 1 × 10−5cm2 V−1 s−1 as given in literature [164]. In Figure 4.18(b), the
turn-on behavior is plotted with a logarithmic time scale. Here, the relative
contributions to the depopulation of the excited singlet states are included,
to understand the effect of the different processes on the turn-on behavior.
For this purpose, the different negative terms of the sum in Equation 4.5 are
calculated and normalized to the sum of all five.
After the set in of the current at t = 0 the polaron population quickly
rises and saturates after 25 ns. Singlet and triplet excitons are generated with
the ratio of 1 to 3. At low exciton densities, the singlet exciton population is
mainly determined by the decay rate κS. As the polaron population increases,
the contribution of polaron quenching increases. The singlet exciton density
reaches its maximum after 15 ns. At this point, SPA is the dominating pro-
cess for the de-excitation of singlets with 78.2 %. Radiative and non-radiative
recombination due to the singlet lifetime τ only takes place for 9.1 % of the
excitons. STA contributes with 11.4 % at the maximum of the singlet exciton
population. Even though SSA is given in the legend, it is not visible in the
graph as its contribution is less than 10−5. As the triplet density rises, the
STA starts to dominate and thus limits the singlet population to its steady
state value. The peak observed in the singlet exciton density therefore clearly
results from STA due to the slow rise time of the triplet density. Hence, this
overshoot in singlet population indicates that it is possible to reach high sin-
glet densities even in materials suffering from a high STA by separating the
different effects in time. In the steady state, 54.0 % of the excitons gener-
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ated undergo STA, 41.1 % suffer from polaron annihilation. Only 4.3 % of the
singlet excitons decay via κS.
As seen in the previous sections, high voltages are necessary in organic semi-
conductors to drive current densities in the range of several hundred A cm−2.
The charge carrier mobility, in turn, increases with the applied field and the
charge carrier density. In Section 4.2.1, an electron mobility in the range of
2 × 10−4cm2 V−1 s−1 was obtained for the EML of the Alq3:DCM OLEDs.
Therefore, the exciton dynamics are calculated for this increased mobility, the
results are shown by the closed symbols in Figure 4.19(a). According to Equa-
tion 4.4, a higher mobility directly translates into a faster exciton generation
by the Langevin recombination rate κL. Consequently, the peak in the singlet
exciton density increases and narrows in time. In this particular case, the in-
tensity increases from 2.6×1016 to 8.7×1016cm−3. This increase in overshoot
intensity results from a reduced SPA. Due to the higher exciton generation
rate κL, the polaron density saturates one order of magnitude lower than in
Figure 4.18, at a density of 3.5×1018 cm−3 compared to 1.6×1019 cm−3. At the
same time, the singlet and triplet exciton population rate is increased. Hence,
a critical triplet exciton density leading to a significant quenching of singlet
excitons is reached earlier, resulting in the observed narrowing of the singlet
overshoot.
However, these calculations end up in an unrealistically high triplet exciton
density which saturates at a value of T1=3.4×1020cm−3 after 1 ms. In an
amorphous layer of Alq3:DCM consisting of 1.7×1021 molecules per cm3, this
would imply that every fifth molecule is in the first excited triplet state. In
fluorescent materials the triplet density is mainly determined by TTA. The
host guest system Alq3:DCM, however, exhibits an extremely low TTA rate
coefficient, compared to, for example, the pure Alq3 (Table 4.3). Hence, to
justify that a triplet population of 3.4×1020cm−3 is unrealistically high, the
origin of the low TTA rate in the doped EML is discussed in the following
paragraph.
In fluorescent material, TTA is only allowed via the short-range Dexter
energy transfer process. Hence, the TTA rate coefficient strongly depends
on the mobility of the triplet excitons which in turns is given by the triplet
diffusion coefficient. In host guest systems, however, the triplet exciton dif-
fusion is reduced compared to a neat layer, resulting in an increased triplet
exciton lifetime due to a reduced TTA rate. Giebink et al. observed this ef-
fect in CBP4 by doping it with different concentrations of the wide energy-gap
molecule UGH25 [175]. In this case, the triplet energy of the dopant UGH2
(∼ 3.5 eV) is much larger than the one of the host (2.6 eV), thus no energy
4CBP: 4,4′-bis(N -carbazolyl)biphenyl
5UGH2: p-bis(trip-henylsilyly)benzene
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Figure 4.19: Singlet and triplet population dynamics for 40 nm
Alq3:DCM at a current density of 1 kA cm
−2. An increased mobility
of µe = 2×10−4cm2 V−1 s−1 due to the increased field is assumed here.
(a) The closed symbols indicate the dynamics for the low κTT of the
host/guest system. The open symbols (dashed lines) have been calculated
with a TTA rate of κTT = 5.0×10−13 cm3 s−1, a value much closer to the
one of pristine Alq3 (b) Relative contributions to the depopulation of the
excited singlet states at the high TTA rate (open symbols, dashed lines in
(a)). The contribution of κSSS
2
1 is less than 10
−4 and thus not visible in
the graph.
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transfer from the CBP to the UGH2 triplet state is possible. Nevertheless, the
UGH2 molecules scatter triplets and hinder their movement through the CBP
matrix, lowering both the diffusion coefficient and the annihilation rate.
Recently, Lehnhardt et al. demonstrated this effect for the material system
studied here [173]. The triplet diffusion is reduced by the narrow band gap
of the dopant molecules acting as triplet traps. Thereby, a pristine Alq3 layer
is found to exhibit a three orders of magnitude higher TTA rate compared
to a layer doped with 2 wt% of DCM. The corresponding values for the rate
coefficients are listed in Table 4.3. These measurements have been performed
at triplet densities of 1×1017 cm−3, three orders of magnitude lower than the
density of DCM guest molecules. With a triplet energy of the guest molecules
lower than in the host material, the triplet excitons are expected to be located
on the DCM guest molecules. Even though the triplet energy T1 of DCM has
not been measured experimentally yet, it is expected to be lower in energy
than the S1 state at 2.03 eV. This is supported by TDDFT calculations
6 of
Chang et al. [176]. Hence, the DCM triplet state is expected to be lower in
energy than the Alq3 triplet state at 2.03 eV [122]. The energy barrier to the
host triplet level then hinders the triplet diffusion.
The calculations with the low TTA rate coefficient in Figure 4.19(a), how-
ever, result in a triplet density one order of magnitude higher than the DCM
density. In this excitation regime the triplet diffusion cannot limit the TTA
rate anymore. Thus, it is reasonable to assume a value for κTT closer to the
one for pristine Alq3. A justified steady state triplet density should therefore
be close to the guest molecule density. Additional triplet states created on the
host molecules are expected to be mobile and undergo TTA at a higher rate.
As an example, the open symbols in Figure 4.19(a) have been calculated for
κTT = 5.0× 10−13 cm3 s−1, a value still one order of magnitude below the one
of Alq3. In this case, the triplet density saturates at 4×1019cm−3 resulting in
every 42nd molecule being in an excited triplet state. As this is still slightly
more than the amount of available DCM molecules, the triplets cannot be
completely trapped on guest molecules. A steady state is reached after 90 ns.
In Figure 4.19(b), the relative contributions to the depopulation of the singlet
state are shown. Similar to Figure 4.18, the peak singlet exciton density is
reached at the point where the polaron density has almost reached the steady
state value. The triplet exciton density is still low at this point. Due to the
lower polaron density resulting from the high charge carrier mobility, κS con-
tributes with 28.0 % at this point. SPA contributes with 56.0 %, STA with
11.7 %, ISC with 4.2 %, and SSA with less than 10−4. The steady state is then
dominated by STA with 70.1 %, the relative contribution of SPA decreases to
6TDDFT calculations: time-dependent density functional theory calculations
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19.4 %. The radiative and non-radiative recombination via κS contributes with
9.1 %.
In summary, the Figures 4.18 and 4.19 show the expected behavior of an
Alq3:DCM OLED at high excitation densities as it results from the Equations
(4.4)-(4.6). According to these calculations the singlet exciton density is ex-
pected to exhibit an overshoot within the first few ns after a current step of
1 kA cm−2. The decay in singlet exciton density is caused by STA. Further-
more, the triplet-triplet annihilation rate in the host-guest system Alq3:DCM
is expected to become exciton density dependent at the excitation densities
used in the experimental part of this work. As the time-resolved experimental
data obtained for the singlet emitter system in the previous section match the
expected behavior extracted from the rate equations, a fit of the experimental
data should be possible. This will be described in the following paragraphs.
A Fit of the Experimental Data
The Equations (4.4)-(4.6) assume an onset of the current at t=0 omitting the
pulse rise time. The experimental setup, however, is limited to a minimal
voltage rise time of 10 ns. This also affects the current rise time and overlays
the turn-on EL overshoot. Therefore, the rise time is included in the set of
equations by a time dependent current density. For this purpose, the measured
current is modeled by the following function:
j(t) = jmax − jmax
1 + e(t−t0)/dt
. (4.7)
Here, jmax is the final current density while the parameters t0 and dt determine
its rise time. The charge transit time in the device is omitted as it is not
expected to significantly modify the pulse shape. Hence, the charge transit
should only lead to a turn-on delay. This extended set of equations now enables
to fit the experimental data.
The charge carrier mobility has been extracted from the turn-on delay of
the sample at different applied voltages (Section 4.2.1 on page 79). For the
highest current density of 458 A cm−2, a mobility of (2.2±1)×10−4 cm2 V−1 s−1
is obtained. Here, no voltage drop across the electrically doped layers is as-
sumed, thus the complete field is applied across the inner layers (10 nm) EBL
/ (40 nm) EML / (10 nm) HBL. While this assumption is valid for low current
densities, it leads to an underestimation of the mobility for the case of a volt-
age drop across the transport layers. Hence, the extracted value is a lower
limit for the mobility. As the electron mobility in the EML is higher than the
hole mobility, the recombination zone is located at the EBL/EML interface.
Therefore an average mobility for HBL and EML is determined.
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For a consistent fit, the electron mobility is set to 3×10−4cm2 V−1 s−1 which
is within the range derived from the turn-on delay. Only the TTA rate coeffi-
cient is used as fit parameter, as it is expected to become density dependent
at these high excitation densities. The remaining rate coefficients are assumed
to be density and field independent and are kept at the literature values (Ta-
ble 4.3). The resulting fit curves are indicated by the thin black lines in
Figure 4.20, the fit parameters are summarized Table 4.4.
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Figure 4.20: Fit of the time-resolved singlet exciton density to the
experimental data of an Alq3:DCM OLED operated at different current
densities. The corresponding fit parameters are given in Table 4.4.
Current density κTT T1
[A cm−2] [×10−13 cm3 s−1] [×1019 cm−3]
108 3.0 1.6
186 5.5 1.7
272 7.3 1.8
362 9.1 1.8
458 11.9 1.8
Table 4.4: The fit parameters and the resulting steady state triplet exci-
ton density at different current densities assuming an electron mobility of
3×10−4cm2 V−1 s−1 are summarized here. The TTA rate increases with
increasing current density while the steady state triplet exciton density
saturates at a value of 1.8×1019cm−2.
The experimental data for the four higher current densities can nicely be
modeled using the equations given above. This shows that the turn-on EL over-
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shoot indeed can be explained by STA and the separation of singlet emission
and triplet quenching is therefore possible in time domain. The measurement
data for the two lowest current densities could not be fitted as the steady state
is not reached within the first 100 ns. To successfully fit the data, however,
the ratio of turn-on EL overshoot to steady state intensity is needed.
The TTA rate increases with increasing current density up to a value
close to the one for pristine Alq3. The triplet density saturates at a value
of 1.8×1019cm−2 corresponding to every 100th molecule in the emission layer
in an excited triplet state. This confirms the expectation that the TTA rate in
host-guest systems is triplet density dependent. At high excitation densities
the trapping of triplets on guest molecules does not limit the TTA anymore.
A sufficient amount of mobile triplets leads to an increased TTA rate with an
increasing exciton generation rate. Furthermore, the steady state triplet exci-
ton density and thereby the value for the steady state singlet exciton density
is dominated by TTA at high excitation densities. At 458 A cm−2 the polaron
density saturates at a value of 2.0×1018 cm−3. Thus, the TTA term in Equa-
tion (4.6) proportional to the square of the triplet density (∝T21) is at least
ten times larger than the one for TPA (∝ n·T1).
Even though the density dependence of κTT is indisputable, the absolute
numbers for the TTA rate coefficient and the saturation triplet density have
to be treated with caution. The reason is that the value for the SPA rate
coefficient used to fit the measurement had to be taken from the material
combination CBP:DCM. As discussed in the beginning of this section, κSP
might be different in a different host material due to the different dielectric
surrounding of the DCM guest molecules. Moreover, the Figures 4.18(b) and
4.19(b) demonstrate the crucial role of the SPA for the turn-on overshoot.
SPA is the dominating quenching process at the time the overshoot takes
place. Consequently, a variation of κSP is performed to evaluate its effect on
the values given above. With the literature value of 3.0×10−10 cm3 s−1 SPA
has a non negligible effect on the singlet and triplet population. A slightly
increased SPA rate of 4.5×10−10 cm3 s−1 results in a broadening of the singlet
peak which is not explicable using reasonable values for the charge carrier
mobility. Hence, a fit of the experimental data becomes impossible in this
case. A lower SPA rate coefficient, however, can be justified with the present
data. Here, the singlet peak is narrowed with decreasing κSP while the absolute
triplet and singlet densities slightly increase. Hence, neglecting the SPA still
leads to a successful fit of the experimental data. The resulting TTA rate for
the highest current density is slightly higher with 2.0×10−12 cm3 s−1 while the
triplet density saturates at 1.4×1019 cm−3.
The fit of the experimental data for a current density of 458 A cm−2 (Figure
4.20) results in a peak singlet exciton density of 5.5 × 1016 cm−3. In Section
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4.2.1 (Page 81), the singlet exciton density in the EML was estimated from
the measured emission intensity. The experimentally obtained value of 5.5 ×
1015 cm−3, in contrast, is one order of magnitude lower than the one expected
from the rate equations. There are several reasons for this discrepancy.
First, the equations used for modeling the exciton dynamics completely ne-
glect the field enhanced dissociation of excitons in the device. As field quench-
ing is not expected to affect the dynamics of the turn-on on the time scale
observed here, the turn-on behavior is correctly described. The calculated ab-
solute exciton densities, however, are higher than expected in the experiment.
Even though the effect of field quenching in a host guest system is lower than
in an intrinsic layer, absolute values for the high fields applied in these experi-
ment are not available. For pure Alq3 layers, field quenching of singlet excitons
of up to 30 % at a field of 1.5 MV cm−1 has been reported [81]. Even though
the effect is reduced to 10 % when doped with 2 wt% of the red dye DCJTB7,
values for fields of up to 7 MV cm−1 as used in this work have not been re-
ported yet. Nevertheless, it is reasonable to assume that the effect of field
quenching on the DCM singlet excitons in Alq3 and Alq3 triplet excitons is
similar as both exhibit the same energy of 2.03 eV. In the case of field induced
exciton dissociation, the electron and hole need to be transferred to the Alq3
conduction states in both cases. Hence, the energy needed is similar and the
ratio of their population should not be altered significantly by field quenching.
Second, the conversion of the experimentally obtained value for the emis-
sion intensity to a singlet exciton density in the EML includes some uncertain-
ties. Here, especially the width of the recombination zone plays an important
role. Assuming the excitons to be distributed homogeneously over the 40 nm
EML definitely underestimated the singlet exciton density. A more realistic
width of the recombination zone of 10 nm would lead to an increase of the
extracted exciton density by a factor of four. Furthermore, the outcoupling ef-
ficiency of the device is unknown. The assumed outcoupling efficiency of 20 %
is valid for a perfectly optimized device only. However, as no systematic vari-
ation of the layer thicknesses was performed, no data are available to deduce
the outcoupling efficiency. Due to non-perfect optimizations the outcoupling
efficiency of the device is most probably lower than 20 %.
Finally, the measurement of the emission intensity using the microscope
setup only gives a lower value, as described on Page 81. Here, especially
the assumption that the full intensity emitted into the acceptance angle of
the objective given by its numerical aperture is collected and detected by the
photodiode leads to an underestimation of the emission intensity.
7DCJTB:
4-[Dicyanomethylene]-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran
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In summary, it can be stated that the turn-on behavior of the singlet emit-
ter system is well explained by the simple model employed here. The turn-
on EL overshoot can be attributed to the separation of singlet emission and
singlet-triplet quenching in the time domain. Hence, by using short pulses and
moderate repetition rates, very high singlet exciton densities can be achieved
in the material system Alq3:DCM. Furthermore, the TTA rate in this host
guest system is proven to become exciton density dependent at sufficiently
high excitation density. The exceptionally long triplet exciton lifetime usu-
ally observed in host guest systems due to triplet trapping on guest molecules
vanishes at high current densities.
5 Conclusions and Outlook
The work presented in this thesis aimed at a better understanding of the
behavior of OLEDs under intense electrical excitation. This is of special in-
terest for the field of organic semiconductor lasers where extremely high ex-
citon densities are necessary to reach the lasing threshold. For this purpose,
p-i-n OLEDs comprising two exemplary red emitter systems were chosen: the
fluorescent laser dye DCM doped into Alq3 and the efficient phosphorescent
emitter system α-NPD doped by Ir(MDQ)2(acac).
First, the steps necessary to achieve stable high current densities in or-
ganic semiconductors were discussed. Compared to inorganic semiconductors,
amorphous organic semiconductors suffer from a low thermal and electric con-
ductivity. The low electrical conductivity results in the need of high voltages
to drive current densities in the range of several 100 A cm−2. Hence, a large
amount of energy is deposited in the device. On the other hand, the Joule heat
generated in the device is not efficiently dissipated to the contacts and sub-
strate due to the low thermal conductivity. Consequently, the crystallization of
the organic layers due to Joule heat has been found to be the limiting factor for
all devices investigated in this work. Pulsed electrical excitation of the device
is a prerequisite to achieve high exciton densities. For single 100 nm thin p-
and n-transport layers, current densities of over 6 kA cm−2 were achieved using
50 ns pulses. For these thin devices, the maximum current density is limited
by the thermal conductivity of the substrate, as a variation of the pulse length
in the regime of thermal steady state affects the maximum current density.
For thicker samples, however, the advantages of a highly thermally conducting
substrate extenuate. At 160 nm organic layer thickness, thermal steady state
is reached after 32.5 ns, for devices with 200 nm organic material this process
even takes 51 ns. Hence, these devices do not reach thermal equilibrium within
the single pulses. Highly thermally conductive substrates then enable higher
duty cycle due to the more effective heat dissipation, but the maximum current
density is mainly determined by the low thermal conductivity of the organic
layer. This effect becomes even more dominant for full pin-OLEDs. Even
though the overall amount of heat generated in the device is reduced by using
doped transport layers, most of the voltage drop and thus heat generation oc-
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curs across the electrically undoped organic layers in the center of the device.
Hence, short excitation pulses are crucial to reach high excitation densities.
Next the singlet and triplet emitter systems were compared employing the
same p-i-n OLED stack for both. The OLEDs sustain current densities beyond
800 A cm−2 at 50 ns excitation pulse width and exhibit continuously increasing
emission intensity with increasing input power. The time-resolved emission
characteristics reveal that the peak emission intensity of the phosphorescent
emitter system is more than eight times lower than for the singlet emitter
system at comparable current densities. The triplet emitter system exhibits
a slow rise of the EL after turn-on, the maximum emission intensity reached
after 120 ns is limited by TTA. The slow rise of emission intensity prevents the
usage of shorter pulses to enable higher current densities in the device. Thus,
the triplet emitter system is not suited to reach high peak emission intensities.
The singlet emitter system, in contrast, exhibits a fast turn-on of the EL
and reaches a maximum emission intensity within less than 20 ns. By several
additional experiments, the strong EL overshoot observed in the first few ns is
successfully attributed to a reduced emission intensity in the steady state due
to singlet-triplet annihilation. Hence, these measurements demonstrate the
separation of singlet emission and singlet-triplet quenching in the time domain,
the emission within the first few ns of the pulse exhibits a reduced triplet
annihilation. Furthermore, the fast rise of the singlet exciton density enables
even higher current densities by applying shorter pulses. At 550 A cm−2 and
10 ns pulse rise time, a peak luminance of 1.5×106 cd m−2 is recorded. With
this value a lower limit for the singlet exciton density in the emission layer
of 5.5×1015 cm−3 is estimated. Hence, by using short pulses and moderate
repetition rates, very high singlet exciton densities can be achieved in emitter
systems suffering from a strong singlet-triplet annihilation like Alq3:DCM.
Finally, the experimental results were validated by modeling the singlet and
triplet population dynamics in the emission layer of the fluorescent system to
explain the time-resolved emission characteristics. Using a set of rate equa-
tions for the polaron density and the singlet and triplet exciton densities, the
overshoot in singlet exciton density at the device turn-on can be attributed to
the expected separation of singlet emission and triplet quenching in the time
domain. While polarons and singlet excitons quickly reach their maximum
density after the device turn-on, high triplet exciton densities accumulate due
to their long lifetime. At the beginning of the pulse, the singlet exciton den-
sity is dominated by radiative and non-radiative decay and singlet polaron
quenching. As the triplet exciton density increases, singlet-triplet annihilation
starts to dominate and reduces the singlet exciton density to its steady state
value. Furthermore, by fitting the experimental data, the TTA rate in the host
guest system is shown to become exciton density dependent at sufficiently high
excitation density. The recently reported increased triplet exciton lifetime in
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host guest systems due to triplet trapping on the guest molecules vanishes at
high current densities. An increase in current density leads to an increased
triplet-triplet annihilation rate while the triplet density in the emission layer
stays constant.
Even though the threshold singlet exciton densities of optically pumped
organic solid state lasers of 1017 cm−3 stated in the introduction have not been
reached experimentally, there is still room for improvement. The shortest
excitation pulse width employed in this work was 50 ns, limited to a pulse
rise time of 10 ns. The excitation pulse length currently limits the maximum
current density the device sustains. As the maximum emission intensity is
reached within 15− 20 ns, a further reduction of the excitation pulse length to
20 ns is feasible. This is expected to push the maximum current density beyond
1 kA cm−2. Furthermore, the rise time of the voltage pulse can be further
decreased enabling a higher peak singlet exciton density. Here, promising
devices providing the necessary current resistance and a voltage rise time in
the range of 1− 2 ns are currently under investigation.
When calculated optimistically including the factors stated in the last para-
graphs of Section 4.3, the singlet exciton density observed in the experimental
data corresponds to 2×1016 cm−3 at 458 A cm−2. Compared to the values ob-
tained from the modeling of the experimental data, this leads to a reasonable
contribution of field quenching in the range of 50 %. With the fit parameters of
the measurements at 458 A m−2 and 50% field quenching, the threshold singlet
exciton density of 5×1016 cm−3 given in [38] could be achieved at a current den-
sity of 1 kA cm−2 and a pulse rise time of 8 ns. A further decrease of the pulse
rise time could even bring the singlet exciton density close to 1×1017 cm−3,
which is achieved for zero rise time and 1 kA cm−2.
Hence, the threshold singlet exciton densities observed in optically pumped
organic semiconductor lasers should be attainable by electrical excitation.
However, an electrically contacted device has to be designed with great care
not to spoil the resonator properties by the additional losses introduced by
the contacts. For microcavity resonators, a combination of laterally struc-
tured microcavities and efficient OLEDs is a promising device architecture.
This approach was already successfully used in inorganic semiconductors for
the electrical excitation of quantum dot micropillar lasers [177]. For organic
lasers configured as planar optical waveguide based cavities, devices using TE2
modes have been demonstrated to exhibit exceptionally low waveguide losses
at low absolute device thicknesses [178].
Finally, an optimization of the materials employed is expected to lead to
a further decrease of the threshold excitation density necessary. Here, just
recently the promising ambipolar material Ter(9,9-diarylfluorene) (T3) was
proposed as host for the laser dye DCM. Compared to the material combination
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Alq3:DCM, the host guest system T3:DCM exhibits an order of magnitude
lower threshold for amplified spontaneous emission measured under the same
experimental conditions [179]. At the same time, the charge carrier mobility
observed in field effect transistors is higher than for Alq3. Electron mobilities
of 1×10−3 cm2 V−1 s−1 have been observed at a field of only 0.7 MV cm−1, the
hole mobility is less than one order of magnitude lower [180, 181]. Thus,
even though the parametric window for material choice, device design, and
excitation scheme is small, there is a fair chance of realizing the electrically
pumped organic semiconductor laser.
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